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ABSTRACT 
An investigation into the effect of framework 
constituents on the sorption properties of NFl-type 
zeolites and AEL-type zeotypes has been carried out. 
ZSM-5 with different amounts of framework aluminium 
was readily synthesised. It was found that the 
distribution of template (tetrapropylammonium ions, TPA) 
between a low and a high temperature form, and the water 
capacity of the calcined zeolites both depended linearly 
on the aluminium content. The temperature of oxidative 
degradation of the template and the energy associated with 
this degradation were also found to depend upon the 
aluminium content. 
A series of TPA-silicalites with different alkali and 
alkaline earth metal ions has been prepared. The sodium 
and potassium forms were found to crystallise most 
rapidly, while the barium and the caesium ones were 
considerably slower. 
AEL-type zeotypes have been prepared from 
aluminophosphate gels containing different amounts of 
silicon. These did not produce materials with the expected 
Al/P ratio of one. The amount and degradation temperature 
of the template and the zeotype water capacity after 
template removal were found to depend on the framework 
aluminium content; in these cases this appears the 
dominant framework component. 
An attempt was made to synthesise a series of 
microporous si 1 icophosphates, and although crystalline 
products were prepared, their structures could not be 
determined and they could not be obtained in a form 
suitable for sorption studies. 
An isopiestic equilibration technique was used to 
study the sorption of glycerol and a series of sodium 
alkylsulphonates from aqueous solution. The glycerol 
uptake was found to depend upon the framework aluminium 
content; ZSM--5 with approximately 1 aluminium per unit 
cell was found to be most effective. The sorption 
behaviour was also found to depend on the cation in the 
silicalite, the effects being larger than expected in view 
of the small number of inorganic ions occluded during 
synthesis. The framework aluminium content was also found 
to be important for the sorption of glycerol by the AEL 
materials. These zeotypes were insufficiently resilient to 
lattice attack for the sorption of the alkylsuiphonates to 
be studied. The MFI materials, however, showed a gradation 
in sorption properties, which could be interpreted in 
terms of the hydrophilicity/hydrophobicity of both the 
zeolite frameworks and the alkylsulphonate sorbates, 
though the results are less clear cut than those obtained 
with glycerol and there may be other important 
considerations. 
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ZEOLITES AND OTHER MOLECULAR SIEVES - AN OVERVIEW 
1.1 Introduction 
Molecular sieves are materials which because of their 
unique properties are involved in many aspects of science 
and technology (1). Zeolite science involves many 
disciplines: Geology through their occurrence as natural 
minerals, Synthetic Chemistry which allows the ready 
synthesis of many different structures, Physical Chemistry 
due to their novel sorptive, catalytic and ion exchange 
properties, and Applied Chemistry as they have many 
industrial uses. Breck, recognised as one of the pioneers 
of zeolite research, declared that: 
'rarely in our technological society does the 
discovery of a new class of inorganic materials 
result in such a wide scientific interest and 
kaleidoscopic development of application as has 
happened with the zeolite molecular sieves' (2) 
Such glorifications appear to have been borne out as 
publications are currently running in excess of two 
thousand per annum and zeolite applications are now valued 
in terms of thousands of millions of pounds. 
Natural zeolites were first recognized by the Swedish 
mineralogist, Cronstedt, who noticed the swelling of 
crystals he found in volcanic vugs, accompanied by violent 
escape of water, upon heating. In 1756 he named the 
materials zeolites, the name being a mnemonic of two greek 
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words: zeein (to boil) and 'lithos' (a stone) (3). 
Later, other natural zeolite occurrences were reported but 
zeolites still remained a novelty and were thought to be 
of little commercial value, the only recorded early use 
being for large crystals in jewellery. Initially 
therefore, zeolites were only of interest to mineralogists 
and geologists. However, it was reported as early as 1862 
that synthetic analogues of natural zeolites had been 
prepared (4) . Identification was limited to appearance and 
chemical analysis and it was not until the advent of X-ray 
diffraction that zeolitic phases could be reliably 
identified. A selected study of unsubstantiated claims of 
zeolite synthesis is presented by Breck 
(reference 2, page 252). 
Detailed systematic research into zeolites did not 
begin until the early 1940's when Barrer and his 
co-workers in Britain and Union Carbide in the United 
States commenced research. As well as synthesising 
analogues of natural zeolites, the first synthetic phases 
called species P and Q were reported by Barrer and this 
firmly transposed zeolites from geology to chemistry. 
From these early days reseach has blossomed. The 
discovery that zeolites could be used as cracking 
catalysts in the petroleum industry had a major effect, 
the savings for the oil companies allowed vast research 
budgets for zeolitic research which has in consequence 
expanded at a formidable rate. 
PA 
1.2 Structures and Compositions 
1.2.1 Introduction 
A. Zeolites 
Zeolites have been defined as naturally occuring 
crystalline silicates characterised by three-dimensional 
framework structures. Thus in common with feldspars and 
feldspathoids, zeolites are tectosilicates (5). Their 
three dimensional networks are composed of linked 
tetrahedra of [SIO4] 	and [AlO.] 	(fig.1.1), these 
primary building units being linked by sharing every 
corner oxygen atom as for example in the sodalite cage 
(fig.1.2). The non-oxygen, tetrahedral framework elements 
are often referred to as T- atoms' without specifying 
whether they are aluminium or silicon. Zeolites, unlike 
the structurally related feldspars and feldspathoids, have 
open frameworks and this is the key to their importance. 
The simplest way to picture a zeolite is perhaps to 
think of it like a natural sponge, the pores of course 
being much smaller, more uniform and in many cases 
cross-linked in a regular manner. The linked pores form 
channels and cavities within the crystals and these 
usually contain water. It is on this basis that Smith (6) 
proposed that the term zeolite be reserved for 
1. .aluminosilicates with a framework structure 
enclosing cavities occupied by large ions and water 
molecules which have considerable freedom of movement 
permitting ion exchange and reversible dehydration. 
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Figure 1.1 
Representations of SiO4 or A104 tetrahedra. 
In figure 1.1a the solid circle represents either the 
silicon or the aluminium atom, while the blank circles 
represent oxygen atoms. In figure 1.1b each apex 
represents an oxygen atom, the tetrahedral silicon or 
aluminium is not shown but would be in the centre of the 
tetrahedron. The lines joining the oxygens are of course 
imaginary. 
Figure 1. la 
Figure 1. lb 
-j 
Figure 1.2 
Representations of the sodalite cage. 
In the ball and stick' model the solid circles represent 
the tetrahedral silicon or aluminium atoms, the open 
circles being the oxygen atoms. In the 'line" drawing the 
oxygen atoms are not shown but would be midway between 
each tetrahedral atom which are at the vertices. 
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The importance of this definition becomes apparent 
when the plethora of new materials is considered. 
This basic definition allows the inclusion of the 
synthetic zeolites (some of which have analogous 
structures to those found in nature, whilst others have 
novel structures) but even this encounters stiff debate 
from mineralogists who consider the term only applicable 
to the natural forms. At present there are some fifty-four 
different natural zeolites which have been identified. 
These have been given IUFAC classifications (7), though 
some are found only to be variants of other framework 
topologies (8) (table 1.1). As new synthetic forms are 
still being reported (currently there are about one 
hundred) the definition and nomenclature of these products 
will continue to present difficulties. 
An important parameter of any zeolitic framework is 
the Si/Al ratio; for natural zeolites this is usually less 
than ten, but for synthetic zeolites it can range from one 
(i.e. equal amounts of aluminium and silicon) to over ten 
thousand. It is not normally possible to have Al-O-Al 
bonds for tetrahedrally co-ordinated aluminium atoms (such 
bonds would normally be stable only for octahedral 
aluminium) and hence the minimum Si/Al ratio is unity. 
This avoidance of Al-O--Al bonds is known as Lowenstein's 
rule (9) . The amount of aluminium present is of key 
importance to the contents of the pores of the zeolite. 
Each aluminium is found in its tn-positive state, has a 
Table 1.1 
History of Discovery of Natural Zeolites 
Type Zeolite Date Type Zeolite Date 
(STI) Stilbite 1756 (FAU) Faujasite 1842 
Stellerite 1909 
Barrerite 1974 (OFF) Offretite 1890 
(NAT) Natrolite 1758 (ERI) Erionite 1890 
Scolecite 1801 
Tetranatrolite 1969 (DAC) Dachiardite 1905 
Paranatrolite 1980 
Mesolite 1986 (FER) Ferrierite 1918 
(CHA) Chabazite 1772 (CAN) Cancrinite 1930 
Wilihendersonite 1984 Tiptopite 1987 
(PHI) Harmotome 1775 (YUG) Yugarawaralite 1952 
Phillipsite 1824 
Welisite 1897 (PAU) Paulingite 1960 
(ANA) Analcime 1784 (MOR) Mordenite 1961 
Kehoeite 1893 
Viseite 1942 (MAZ) Mazzite 1972 
Wairakite 1955 
Cowlesite 1975 
(LAU) Laumontite 1785 
(MER) Merlionite 1976 
(THO) Thomsonite 1801 
Gonnardite 1896 (PAR) Partheite 1979 
(HEU) Heulandite 1801 (GOO) Goosecreekite 1980 
Clinoptilolite 1890 
(ROG) Roggianite 1980 
(GME) Gmelinite 1807 
(LOV) Lovdarite 1981 
(GIS) Gismondine 1816 
Garronite 1962 (MEP) Melanophiogite 1983 
Amicite 1979 
Gobbinsite 1982 (_)c Perlialite 1984 
(BRE) Brewsterite 1822 (CHI) Chiavennite 1989 
(EPI) Epistilbite 1823 (RHO) Pahasapite 1989 
(LEV) Levynite 1825 (BOG) Boggsite 1990 
(EDI) Edingtonite 1825 (MON) Montesommaite 1990 
IUPAC three letter classification of structure type. 
Arranged chronologically within types. 
Structure not yet fully interpreted. 
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half-share in four oxygens and hence carries a net 
negative charge. These charges are normally balanced by 
small inorganic cations such as sodium which sit in the 
void space. Thus the pore contents are determined 
primarily by the amount of aluminium in the framework. 
The first crystal structure of a zeolite to be 
published was that of analcime in 1930 (10) . This zeolite 
was reported to have a silicon to aluminium ratio of two, 
and as expected contained equal amounts of aluminium and 
sodium. Further natural structures were published in the 
period 1930 to 1933 (11,12,13). 
The first synthetic zeolite to appear in the 
literature was that of zeolite F prepared by Barrer in 
1948 (14), by a recrystallisation technique using analciie 
as the starting material. This technique was not taken up 
by other workers, and even now-has been little used. 
Instead, the alternative approach of hydrothermal 
crystallisation from an alumino-silicate gel has been 
adopted. The first new material obtained by this method 
was zeolite A. This was obtained by Breck and his 
co-workers in 1956 (15). The unit cell composition of the 
anhydrous form of this zeolite is: 
Na.2 [ (Al02) 12(Si02) 1.21 
thus it is a highly aluminous zeolite, with Al and Si 
atoms in strict alternation in accordance with 
Lowensteins rule. 
Zeolite X which is very similar to zeolite A was also 
reported around the same time and patents for both 
materials were published in 1959 (16,17) . It is also worth 
noting that the zeolite A could be prepared with a small 
range of aluminium contents, in all cases the Si/Al ratio 
was very close to unity. 
In the early 1960s, a wider range of reagents was 
brought into use and it was not long before much more 
siliceous forms of zeolite A were reported in the 
literature, for example N-A (18), ZK-4 (19) and zeolite 
Alpha (20) . Around this time the highest silicon to 
aluminium ratio claimed was approximately twenty (21). At 
the same time new synthesis routes, which will be 
discussed later, were being developed and the first high 
silica product, zeolite Beta was reported in 1967 (22). 
In the early 1970s a new series of highly siliceous 
zeolites were reported by the Mobil research workers and 
were named the ZSM series. Two of the earliest members 
ZSM-5 (23) and ZSM-11 (24) are of particular importance 
for their catalytic applications. Further products in the 
ZSM series are still being reported and this has proved a 
very fruitful field. 
In 1977, silicalite, the first member of another 
series of molecular sieves composed purely of silica, was 
synthesised (25,26). The only natural porous crystalline 
silica is melanophlogite (27). Silicalite however is known 
to have the same framework structure (MFI) as ZSM-5 and is 
regarded by some as the end member of the ZSM-5 series. 
This illustrates one of the problems encountered in 
zeolite nomenclature; identical or closely related 
materials prepared in different laboratories are often 
given different names. As an example zeolite P has also 
been called zeolite B, both materials have the GIS 
structure designation. The situation can be further 
complicated when a synthetic material is later found to 
occur naturally, for example the synthetic zeolite Omega 
(also known as ZSM-4) was found to have the same framework 
(MAZ) as the natural zeolite mazzite (28). In cases where 
the zeolite is of considerable economic importance then 
there is also the tendency for inventors to attempt to 
.secure proprietary rights of the composition 
or on the synthesis of compounds which were, at 
the time of filing, insufficiently 
characterised' (29) 
After the report of silicalite, a dispute arose 
between Mobil and Union Carbide over whether silicalite 
was in fact ZSM-5 and thus covered by the original patent 
(30,31.32). Other pure synthetic silicas have also been 
reported for example silicalite-2, the aluminium-free 
analogue of ZSM-11 (33). 
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Direct synthesis has not been the only route used to 
make aluminium-free zeolites, chemical modification has 
also been widespread. Thermochemical modifications which 
lead to framework dealumination were reported as early as 
1967 (34,35). These reactions include high temperature 
steaming of ammonium exchanged or acid forms of the 
zeolite and framework aluminium extraction with mineral 
acids and chelates. The net effect is to produce highly 
siliceous zeolites, some examples being zeolite Y (36), 
mordenite (37) and erionite (38,39) 
B. Zeotype8 
In nature, isomorphous substitution is common and 
hence an obvious development of zeolite science was to 
carry out similar substitutions in addition to Si for 
(Na,Al). Thus, there have been many attempts to synthesise 
molecular sieves based on different framework elements. 
The introduction of phosphorus into the framework was a 
much sought after prize as it was thought that in this way 
a framework with a net positive charge and hence anion 
exchange properties could be obtained. There are no 
naturally occurring microporous materials based on 
frameworks of Si,Al and P atoms but synthetic 
aluminophosphates are known (40) . In nature, A104 5 and 
PO - tetrahedra yield a variety of neutral frameworks. 
Among the anhydrous forms with the stoichiometry of AlPO 
are analogues of quartz, cristobalite and tridymite (41,42,43). 
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Barrer attempted hydrothermal synthesis of 
aluminosilicate gels containing phosphorus as early as 
1965 (44), but had little success. He showed that for any 
three dimensional framework where any given tetrahedral 
aluminium or phosphorus shares each apical oxygen atom 
with one of four other tetrahedra then the oxide formula 
can best be represented as: 
(M20) (r-m) (Al2C')ri(P2O9)rn,XH2O. 
However, typical aluminophosphates, which are not 
necessarily based on a strict alternation of aluminium and 
phosphorus atoms, cannot be tectosilicates because the 
term (n-m) would be a negative number. For example, 
tarankite (40) has the oxide composition: 
((K,NH) 20) 2 :(Al 20) 3 :(P 20) 
as (n-m)=-2 tarankite cannot be analogous to a 
tectosilicate. This situation is also generally found to 
be true for another possible substitution series, the iron 
and aluminium phosphates (45). In geology, substitution by 
phosphorus is rare in igneous rocks and the phosphorus 
usually appears in the form of apatites (calcium 
phosphate) (e.g. 46). Barrer reports that some 
substitutions are however possible and there are 
phosphates which are isostructural with the zeolite 
anal c 
(Na) 16 [(Al02)16, (3i02)32J' 6 16H20 
McConnell has represented aluminophosphates in terms 
of PO.. A10 2 and H30 2 units together with the necessary 
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cations for charge neutrality. H30 	is considered as a 
tetrahedral unit which can be used to form a framework 
(the occurrence of such species may be open to question) 
The correlation with the composition of analcime can then 
be seen for two aluminophosphates, viseite (47) and 
kehoite (48): 
(Ca 2 ). 0 (Na+) 2 [20Al02 . 12H30 2 ,6SiO 2 , 10P02] 22 16H20 
Despite the fact that materials such as these exist, 
Barrer concludes that in the reactions he and his 
co-workers performed they were unable to synthesise a 
molecular sieve containing phosphorus, aluminium and 
silicon. What did crystallise was an aluminosilicate with 
a separate aluminophosphate phase. He found that he could 
not synthesise Si-O-P nor even Si-O-Al-O-P linkages. 
The synthesis of the first phosphorus containing 
zeolites were patented by Flanigen (49,50,51). She 
employed a different reaction scheme to that of Barrer: 
'by co-precipitating an aqueous solution of an 
aluminium source and phosphoric acid with a 
solution of alkali metal hydroxide and then 
reacting this with a silica source and more 
metal hydroxide.' 
In the patents she claims to have significant amounts 
of phosphorus in the framework and uses infra-red 
spectroscopy to justify the claims. 
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While this is the first reported synthesis of a 
"phosphorus—containing zeolite" there is doubt as to 
whether the products actually contained phosphorus in the 
framework. The environment of the phosphorus was not 
established and the processes involved remain unclear. 
Other workers were also grappling with similar problems 
and there are numerous papers on the effect of phosphates 
and other agents on zeolite crystallisation (e.g. 52 
which reports the introduction of small amounts of 
phosphorus into the frameworks of faujasite and 
chabazite) 
However, in 1982 the workers at the Union Carbide 
laboratories reported the discovery of a whole series of 
microporous crystalline inorganic solids based on a 
framework of alternating aluminium and phosphorus (53), 
which they called the AlFO 4s. Some of these frameworks had 
the same structures as known zeolites whereas others were 
entirely new. Each material was given a unique numerical 
suffix, which denotes the structure type. Shortly after 
this they also announced the preparation of another 
series, this time based on frameworks composed of 
aluminium, phosphorus and silicon. These they called the 
SAPOs (54.55). These materials often had the same 
frameworks as the AlPO 4s and this is reflected in the 
number which follows the mnemonic. The field of molecular 
sieves based on the AIPO A series has been extremely 
prolific, with many elements having been substituted in 
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place of either aluminium or phosphorus. For example the 
MeAPO series with frameworks containing aluminium, 
phosphorus and metal cation such as manganese, iron, 
cobalt and zinc (56.57) and now even quinary (five 
non-oxygen framework elements) and senary (six non-oxygen 
framework elements) molecular sieves containing a wide 
selection of elements (58) have been reported. Union 
Carbide have now reported the discovery of a series of 
molecular sieves where the oxide framework is replaced by 
a sulphide framework (59). 
The sheer volume of literature in this area makes it 
difficult for a comprehensive review, as with zeolites the 
same crystalline compounds have been prepared in different 
laboratories and given different names. It is however 
proposed that these new materials do not fit in with the 
traditional definition of a zeolite and as such should be 
given a different title: zeotypes (1). 
1.2.2 Structures 
Currently there are sixty-four IUPAC recognized 
zeolite and/or zeotype structures (both natural and 
synthetic), with a few more recent structures yet to be 
classified (60,61). The topologies of the first thirty-six 
determined structures have been recorded by Mortier 
together with details of cation and unit cell water sites 
(62). When all the structures are considered it seems that 
the problem of describing their relationships with each 
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other is insurmountable. Classification in terms of the 
primary building units of (SIO.4 ) 	and (Al04) 	does not 
easily distinguish between the various structures. As more 
and more structures were discovered Barrer et a] first 
considered the possibility that there could be secondary 
building units within "the aqueous crystallizing magma in 
the form of rings of tetrahedra, or polyhedra (63). They 
identified two possible secondary building units, the 
double four ring, found in for example zeolite A, and the 
double six ring, found in faujasite. Meier later 
recognized that all the zeolite structures could be 
classified in terms of secondary building units (called 
the SBUs) (64). Meier originally proposed eight such 
building units, this has since been expanded to sixteen 
and these are shown in figure 1.3. This subject is however 
the source of much debate. Barrer himself states that the 
structures which were thought to be based on the four 
rings are so diverse that classification by this method 
seems artificial (65). The identification of different 
silicate units in solution by NM.R., some of which 
resemble the SBUs has heightened debate about their role 
in synthesis and it could be several years before it is 
resolved (66). 
Currently the concept of SBUs is widely accepted and 
an example of how different structures can be produced is 
shown in figure 1.4. The sodalite cage itself is often 
regarded as a secondary building unit, since different 
16 
Figure 1.3 

























The three possible zeolitic frameworks which may be 
constructed from the sodalite cage. 
0 
I' . 9M,  
Sodalite Cage\ 
Zeolite A (LTA) Zeolite X,Y (FAU) 
Soda] ite (SOD) 
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structures can be formed based only on the repetition of 
the cage. Meier however does not classify the sodalite 
cage as a secondary building unit because the sodalite 
cage can be thought of as constructed either from single 
four rings or from single six rings, both of which are 
SBUs. Depending on how the sodalite cages are joined 
together, different zeolites are formed. If the cages are 
linked by the four rings (so that the building unit 
becomes a double four ring) then the zeolite A structure 
is formed. If, on the other hand the cages are linked by 
the six rings (forming a double six ring unit) then 
faujasite type zeolites (X and Y) are formed (67). The 
sodalite cages can also be closely packed together to give 
the sodalite structure' which has pores that are too 
narrow to display true zeolitic properties. Larger 
polyhedral building units have also been proposed, these 
units are found in a number of zeolites (fig.1.5) (68). 
The number of structures such units are found in however, 
amounts to less than half the total number known. There 
have also been proposals that zeolitic frameworks can be 
prepared from cross-linking of two-dimensional nets (69). 
Whichever system of classification is used it is 
still a fact that there are a large number of different 
frameworks known and yet to be discovered. In 1980 Sand 
reported that at that time only ten per cent of all 




Four polyhedral cages which may be thought of as zeolitic 









The framework structures provide one, two and three 
dimensional channel systems. In some cases the structure 
may have more than one channel system and in such examples 
the systems are usually interconnected (table 1.2). 
For molecular sieving the most important physical 
characteristic is the pore diameter. The channel sizes are 
determined primarily by the number of atoms in the rings 
which make up the framework. Described in terms of the 
tetrahedral or 'T-atoms', the channels can range from six 
'T-atoms' which gives a pore diameter of approximately 
300pm (e.g. sodalite) to 12'T-atoms' (diameter of 800pm 
e.g. faujasite and A1PO4 -5). Recently a molecular sieve 
called VPI-5 (an aluminophosphate) has been reported by 
Davis which has an eighteen 'T-atom ring giving the 
largest pore diameter yet recorded of 1200-1300pm (71). 
In addition to well defined channels some frameworks 
have large supercages, accessed by smaller windows. The 
best example of this is in the fauiasite framework where 
the supercage has a diameter of approximately 1300pm and a 
window size of 800pm (fig.1.6). 
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Table 1.2 






One 1-D System of Channels 
EAB 	TMA-E 
	
One 2-D System of Channels 
ERI 	Erionite 
	










Two 3-D Non-interconn. Systems 
GOO 
	
Goosecreekite Three 1-D Interconnected Systems 
EDI 	Edingtonite 	One 2-D interconnected 
with One 1-D 
Figure 1.6 
Schematic drawing of the faujasite framework and the 
supercage found within this structure. 
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1.2.3 Compositions 
Table 1.3 shows all the various known zeotype 
frameworks. The table includes both natural and synthetic 
species and shows one way of classifying them (72) . The 
bold headings show the general class that the molecular 
sieves belong to, based on the predominant framework type. 
Only two of these groups, the silicas and 
aluminophosphates, are of relevance to this thesis and as 
they are markedly different they are considered 
separately. 
A. Silicas 
This class encompasses both zeolitic and pure silica 
frameworks, including natural and synthetic species. It is 
the only class in which natural species are found. As the 
silicon to aluminium ratio, the cation species and the 
water content can all vary even for the same zeolite the 
empirical unit cell composition is given as: 
M>,' 	[(Al02) 	(SiO2) 	] wH20 
Each (A102) unit imparts a formal negative charge 
which is balanced by the M cation of valency n. M is 
usually a group I or II metal ion (especially for natural 
zeolites) but may also be other metal or organic cations. 
The value of w represents the number of water molecules 
found per unit cell; it varies with external vapour 
pressure. It should be noted that only limited structural 
information is contained in the formula, the value of w 
MAI 
Table 1.3 
Classification of Compounds By Composition 
Elements 	Name (Mnemonic) 	 Occurrence 
SILICAS 
Si Silicas N,S 
A1,Si Zeolites N,S 
Ti,Si Titanosilicates S 
B ,Si Borosilicates S 
Ga,Si Gallosi.licates S 
Fe,Si Ferrisilicates S 
Cr,Si Chromosilcates S 
METALLOALUMI NATES 
Ge,Al Germaniumaluminates S 
ALUMI NOPHOSPHATES 
A1,P 	 Aluminophosphates (AlPO) 	 S 
Meb,A1,P 	Metalloaluminophosphates (MeAPO) 	S 
E1b,A1,P Non-metalloaluminophosphates (E1APO) 	S 
Si,A1,P 	Silicoaluminophosphates (SAPO) 	 S 
Me,Si,AJ.P 	Metallosilicoaluminophosphates 
(MeAPSO) 	 S 
E1,5i,A1,P 	Non-metallosilicoaluminophosphates 
(E1APSO) 	 S 
Ga,Ge 	 Gallogerm&nates 	 S 
non-oxygen 	Sulphides ? 	 S 
N=natural, S=synthetic 
10 Up to six different elements from Li, Be, B, Mg, Ga, 
Ge, As, Ti, Mn, Fe, Co. Zn 
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will depend on the species in the framework and is 
definitely not any measure of pore volume. The value of 
the ratio y/x is a measure of the amount of aluminium 
present; it is normally greater than unity as required by 
Lowensteins rule. Another commonly used method expresses 
the composition of the unit cell in terms of the oxide 
formula and is written: 
M20 A1 203 ySiO2 w H20 
As mentioned earlier most of the natural zeolites are 
very aluminium rich, e.g. stilbite shows a silicon to 
aluminium ratio of 2.6: 
	
Na4 Ca8 [(A10 2 ) 20 (SiO2) 	I 	56 H20 
Most of the early synthetic zeolites were also almost 
saturated in aluminium, zeolite A being as aluminous as 
possible: 
I / 7t I 022.2  \ 	 I t' ( 	\ 	 1 ra22 	L') 	I.D1Lft2)j2 I 	W 
As synthesis techniques developed however less 
alurninous zeoUtes were reported and eventually the high 
silica zeolites and silica molecular sieves were 
discovered. The best known of the high silica zeolites are 
members of the Mobil ZSM (Zeouite Secony Mobil) series, 
the most important member being ZSM-5 which has a unit 
cell composition of: 
(M>1,1-) [(A102) 	(SiO2)95-< I 	z lI20 
where the value of x can vary, as can the cation and the 
number of water molecules present per unit cell. For the 
ZSM-5 formula if x=O then this composition is that of the 
unit cell of the pure silica form, silicalite. The only 
natural all-silica molecular sieve (strictly speaking a 
clathrasil) is melanophiogite. This has the unit cell 
composition: 
(5102)46 	q R 
where R= N2, CO2 . CF!4 and q is a small variable number. 
There are no water molecules inside the unit cell due to a 
combination of small pore openings and an internal 
hydrophobic surface. As there is no aluminium there is no 
need for charge balancing cations. 
Zeolite phases have been classified by their most 
common structural elements (or SBUs) and split into nine 
groups (table 1.4) (73). As can be seen from the unit cell 
compositions most of the species are aluminous. Ferrierite 
is the most siliceous of the natural zeolites with a 
silicon to aluminium ratio of 5.5. 
B. Aluminophosphatea 
Apart from the work already discussed in substituting 
phosphorus into the frameworks of easily synthesisable 
zeolites there are a number of similarities among the 
three structural building units of 5102, A10 2 and P02 
which point to the possible synthesis of frameworks 




Zeolite 	Idealised Unit Cell Composition Common 
SBU's 
Analcime Group 
Analcirne 	Na15[(A1O2)6(SiO2)32I16H20 	S6R,S4R 
Wairakite Ca8[(A102 ) 16 (SiO) 32 ]16H20 
Natrolite Group 
Natrolite Na 16 1(A102 ) 16 (S10 2 )2 4 116H20 4-1 
Thomsonite NaCa8E(Al02)2o(SiO2)2o1 	24H20 
Heulandite Group 
Heulandite Ca[(Al02 ) e (SiO2)2eI24H20 4-4-1 
Clinoptilolite Na 6 [(A102)6(SiO2)30124H20 
Phillipsite Group 
Phillipsite (K.Na)1(Al0 2 )(SiO2 ) 1 11OH20 34R 
Zeolite Na? Nae [(A102)e(SiO2)e) 	16H20 S8fl 
Mordenite Group 
Mordenite NaO [(A102 ) e (3102 )4o]24H20 5-1 
Ferrierite Na l .Mg2 [(Al02 )5.5(SiO2)30.]24H20 
Chabazite Group 
Chabazite Ca 2 [(A102 ) 4 (Si02)eJ13H2O 	 D6R,S8R 









Silical ite  
Ca4 [(1k10 2 )e(SiO2)i61 •16H 20 
Na,-1(A10 2 )i,(5i02)96--rj 16H 20 
n approximately 3 
n=O 
(Na2, Ca, Mg) 29 [ (A102) 	(Si02) 	240H20 
SBR,D6R 








which gives an average T-O bond length of 164pm for a 
combination of a phosphorus and an aluminium unit. While 
this figure is not exactly equal to the Si-O bond length, 
the Al-0 and P-O bond lengths are sufficiently close to 
suggest that the framework can relax slightly to allow for 
tetrahedral coordination at all T-atom sites (75). 
AlPO4 is isoelectronic with Si20 4 . The existence 
of pure silica frameworks illustrates that electroneutral 
frameworks are stable. 
As mentioned previously there are dense phases of 
A1PO4 that have structures analogous to the dense phases 
of SiO2. 
The method of naming these new families of materials, 
proposed by Union Carbide, is an acronym of the elements 
incorporated into the framework followed by a number which 
represents the structure type. For example AlPO-5 is a 
framework composed only of aluminium, phosphorus and 
oxygen and has structure type 5. These structure type 
numbers are unique to aluminophosphate based molecular 
sieves and have no historic significance; for example 
ZSM-5 and A1PO4-5 do not have the same structure. 
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The compositions may be expressed in a normalised T0 2 
formula such as 
(El> Al 	P)02 
where x,y and z represent the mole fraction of each 
tetrahedral or T-atom. There may of course be more than 
one 'El' type atom. As an example of how this system works 
A1PO4-5 and SAPO-5 can be represented as: 
(Al0 . Po . 5) 02 
(Si<. Al, P)O2 
These both show the same structure and hence have the same 
number. 5, following the acronym. 
The first new materials to be described in the 
literature were-the pure aluminophosphates. As Al-O-Al 
linkages are disallowed and P-O-P linkages are unlikely 
when . P is tetrahedral (as there would be two positive 
charge centres in close proximity to each other) then 
strict alternation of Al and P throughout the frameworks 
is expected and found. Hence the empirical compositions 
are always: 
(Al0.5 	Po.5)02 
Also as a consequence of Lowenstein's rule all the 
frameworks are composed of rings containing an even number 
of T-atoms. Initially Union Carbide claimed to have 
produced nine differing aluminophosphate frameworks, but 
within four years this had grown to some twenty-four 
materials. 
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These include seven structures related to those found in 
zeolites as well as fifteen novel structures (table 1.5). 
It can be seen from this that the pore sizes vary from 
300pm up to 800pm and these new structures can be 
sub-divided into four groups on the basis of pore size 
(table 1.6). The values are typical of those found in 
zeolites, the range being extended by VPI-5 to 1200pm. 
The other aluminophosphate based molecular sieves 
contain different framework elements in place of either 
the A1 	or P 	tetrahedral atoms. If the substituting ion 
is non-isoelectronic with the species it replaces then 
there will be a charge imbalance on the framework, a 
phenomenon not observed in the pure aluminophosphates. For 
the silicoaluminophosphates, two replacement mechanisms 
have been proposed: 
A Si -4- ion may be substituted for a 	ion. 
This will impart a formal negative charge on the 
framework which must be balanced by some 
cationic species in the void space. This would 
lead to a framework composition of the type: 
(Six 	Al0.0 	P0.0_)0 
Two Si 4 ions could replace an (A1 3 + P) 
pair. This would lead to a framework 
stoichiometry of: 
(Si x 	A10.-,2 . 
As the species involved in the replacement are 
isoelectronic this would not impart any charge to the 
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Table 1.5 
Structures found an Microporous 
Union Carbide Aluminophosphates 
A1PO4- Species Structure Type Pore Size 
(pm) 
5 Novel, 	Determined 800 
11 Novel, 	Determined 600 
14 Novel, 	Determined 400 
46 Novel, Determined 700 
16 Novel ,Undetermined 300 
18 Novel,Undetermined 430 
25 Novel,Undetermined 300 
26 Novel,Undetermined 430 
28 Novel,Undetermined 300 
31 Novel,Undetermined 650 
33 Novel,Undetermined 400 
36 Novel,Undetermined 800 
39 Novel,Undetermined 400 
40 Novel,, Undetermined 700 
41 Novel,Undetermined 600 
17 Erionite 430 
20 Sodalite 300 
34 Chabazite 430 
35 Levynite 430 
37 . Faujasite 800 
42 Linde Type A 430 
43 Gismondine 430 
44 Chabazite-like 430 
47 Chabazite-like 430 
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Table 1.6 
Union Carbide Aluminophosphate 
Classification by Pore Size 
A1PO4 Species 	Pore Size 	 Sat. Pore Vol. 
Pm 	 cm3/g 
Large Pore 
VPI_51D 1200 0.31 
5 800 0.31 
36 800 0.31 
37 800 0.35 
40 700 0.33 
46 700 0.28 
Intermediate Pore 
31 	 650 	 0.17 
41 600 0.16 
11 	 600 	 016 
Small Pore 
18 430 0.35 
44 430 0.34 
34 430 0.30 
35 430 0.30 
42 430 0.30 
43 430 0.30 
47 430 0.30 
17 430 0.28 
26 430 0.23 
33 430 0.23 
39 400 0.23 
14 400 0.19 
Very Small Pore 
16 300 0.30 
20 300 0.24 
28 300 0.21 
25 300 0.17 
Based on 02 sorption. 
ID Not produced by Union Carbide. 
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framework. Such a replacement however, based on the 
strictly alternating pattern of aluminium and phosphorus 
units would imply that 51-0-F linkages must be formed for 
every aluminium replaced (76). This could only be avoided 
if there was some mechanism 1 involved. Barrer reports 
that complete substitutions of the type: 
2 S1 	= AI-3- + P - 
in crystalline forms of S102 and AlP0 having the 
same framework topologies are known (77). 
Flanigen et a] (78) report the T0 2 stoichiometry for 
four different SAFOs prepared in their laboratories as: 
 (Si o . 15 - . 	 F0.3)02. 
 (Si0.33 Alo.33 	- F0.33)02. 
 (Sio.14 Al 0 . 0 	- P0.41)02. 
 (S1..o . 	 Al 40 P0.0)02. 
and they offer the following explanations for the 
occurrence of these mole ratios: 
Sample (a) 
This is seen as silicon substitution for phosphorus 
only, giving Al-O-F and 51-0-Al linkages only. Attempts to 
elucidate the mechanisms have relied to a large extent on 
magic angle spinning NNR (MASNMR). Freude et a] (79) 
investigating a sample of SAPO-5 with mole ratios: 
(510.02 •Al00 P0.48)02 
report only observing a single peak in the 29Si spectrum, 
the shift being characteristic of a silicon surrounded by 
four alumaniums. They concluded that Si substitutes mostly 
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for P and that there were also small amounts of 
crystalline SiO2 in the SAPO framework. 
Sample (b) 
For this sample Flanigen et al claim that the 
substitution is by mechanism 2. This would of course imply 
that Si-O-P bonds are formed. However MASNNR of this SAPO 
sample did not provide support for Si-O-P bonds, but was 
consistent with Si islands within the framework. Further, 
earlier work by Fitch et a) (80) did not support the 
existence of silica clusters and they concluded that 
phosphorus substitution for silicon was likely, and that 
the unusual shifts they found were due to the expected 
strained angles at silicon. They also concluded that 
mechanism 2 was possible but they had inadequate 
resolution to provide further evidence. Saldariagga et a) 
(81) investigating SAPO-37, report that silicon 
substitutes. fOr phosphorus i.e. mechanism 1 only.. When the 
same workers turned their attention to SAPO-20 (82) they 
found: 
No Si-O-P, only Al-O-P links. 
Si-O-Si and Si-O-Al links. 
which again suggests that both mechanisms can take place. 
The presence of both mechanisms is further reported by 
Milestone and Tapp (83). They found, as did Qinhau (84), 
that their results indicated the presence of Si islands. 
The situation is still not clear however and Wang (85) 
reports that only mechanism 1 occurs in the formation of a 
clii 
SAPO-5 with mole ratios: 
	
(Si0.003 - Al 0 . 302 	P 0 . 493 )02 
Martens et a] (86) report that mechanism 2 is the 
most important and this leads to non-uniform crystal 
compositions with silica islands. They also demonstrate 
that such crystals give discreet domains of 
aluminosilicates next to silicoaluminophosphates (87) 
Martens et a] do however claim to have produced SAPO-37 
with larger amounts of Si in the frameworks: 
(Si0.21 	Alo.46 	P0.33)02 
and it seems difficult to equate his findings with those 
of other workers who report much less substitution. 
Sample (c) 	- 
This is used to illustrate a case where both the 
proposed mechanisms work together. 
Thus Flanigen and co-workers consider that the three 
SAPO compositions (a)-(c) illustrate the three possible 
cases. It seems that the actual mechanism is very hard to 
determine and may be dependant on the exact conditions of 
synthesis as well as the framework which eventually 
crystallises. Blackwell and Patton (88) have studied five 
SAPO's and conclude that most of their data is consistent 
with a hypothetical Si for P substitution, though in some 
samples there also appears to be silicon rich regions 
where Al and P sites appear to have been substituted. Most 
researches now appear to agree with a combination of the 
two possible mechanisms. It appears that for small amounts 
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of substitution the silicon is incorporated into a 
phosphorus site, but for higher substitutions mechanism 2 
also becomes important. 
Sample (d) 
This composition appears to suggest another 
mechanism, namely the replacement of Al by Si. However, 
Flanigen and co-workers consider that this is inconsistent 
with other results and attribute the anomalous composition 
to extraneous non-framework phosphorus. 
For the E1APO series it has been proposed (78) that 
the El incorporation proceeds by substitution into an 
aluminium site when the El ion has an oxidation state of 
+1, +2 or +3. For elements with an oxidation state of +4 
the mechanisms 1 and 2 are expected and for elements with 
a +5 state, substitution into phosphorus sites is most 
likely. As yet there have been few NNR studies on such 
materials to ascertain the correct interpretation. From 
the structures so far encountered a general rule of thumb 
guide to the possible linkages which could be found in 
zeotypes has been presented by Flanigen (table 1.7). It is 
worth noting that although this table is at the moment 
correct there are no explanations as to why certain 
linkages should not be found and it is possible that with 
continued experimentation in this area some of the 
non-observed species may in time be found. 
Substitutions by low oxidation state ions will result 
in a charge imbalance and it is expected that 
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Table 1.7 
Bonding Concepts In Aluminophosphates (After Flanigen) 
Observed 
Al-O-P (e.g. A1PO4'3) 
31-0-Si (e.g. Silicas) 
Si-O-Al (e.g. Zeolites) 

















extraframework elements are also required to balance the 
charge on the framework. Some typical compositions for 
E1APO's are shown in table 1.8. All of these examples are 
based on hypothetical substitutions into the A1PO4-5 
framework. 
Very small amounts of Si and Co have reportedly been 
incorporated into the VPI-5 framework (89) to give 
compositions of: 
(Co0 007 . A 10 . OO 	Po . .493) 02 
this appears to be a direct Co for P substitution and: 
(Si0.09 	Al 0 . 48 . P0.43)02 
where it would seem that both the proposed mechanisms 
operate. 
Substitutions to give all the other series (the 
MeAPO's, MeAPSOs, ElAP0s and E1APSOs) have been 
reported and those so far described in the literature are 
shown in table 1.9. This table shows examples from all 
classes, from large pore down to the very small pore. It 
also shows examples of frameworks unique to one 
environment, for example framework type 46 is only formed 
in the MeAPSO system. Rationalisations of the occurrence 
of these materials have yet to appear in the literature. 
Whether the frameworks are only stable with certain 
elements or will eventually be discovered in all the 
groups is as yet unclear. 
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Table 1.8 
E1APO Compositions of Union Carbide Molecular Sieves 
Composition 
Type 	Example 	Al 	P 	Si 	Me 	El 
A1PO4 A1PO-5 050 0.50 
SAPO SAPO-5 0.42 0.44 	0.14 
MeAPO MgAPO-5 0.42 0.50 	 0.08 
MeAPSO MnAPSO-5 0.45 0.472 	0.036 	0.042 
E1APO TIAPO-5 0.38 0.50 	 0.12 
E1APSO TIAPSO 0.43 0.41 	0.09 	 0.07 
am 
Table 1.9 
Union Carbide Aluminophosphate Based Molecular Sieves 
TYPE AlPO SAPO MeAPO MeAPSO E1APO E1APSO 
Large Pore 
5 YES YES Co.Fe.Mg Co,Fe,Mg Be,Ga,Ge Be,Ga.Ti 
Mn,Zn Mn,Zn Li,Ti 
36 NYD NYD Co.Mg,Mn Co.Mg,Mn Be,Ga NYD 
Zn Zn 
37 NYD YES NYD NYD NYD NYD 
40 NYD YES NYD NYD NYD NYD 
46 NYD NYD NYD Co,Fe,Mg NYD NYD 
Mn,Zn 
Intermediate Pore 
11 YES YES Co,Fe,Mg Co,Fe,Mg As,Be,Ti As,Ge,Ti 
Mn,Zn Mn,Zn 
31 YES YES NYD Co,Fe,Mg NYD NYD 
Mn,Zn 
41 NYD YES NYD NYD NYD B 
Small Pore 
14 YES NYD Mg,ZN NYD NYD NYD 
17 YES YES Co,Fe,Mg Ga.Ge NYD NYD 
18 NYD NYD NYD NYD As,Ga,Ge NYD 
NYD NYD NYD NYD Ti 
34 NYD YES Co,Fe,Mg Co,Fe,Mg Be,Li As,B,Be 
NYD NYD Mn,Zn Mn,Zn Ga,Ge.Li 
Ti 
35 NYD NYD NYD NYD NYD As,B,Ge 
Ti 
44 NYD YES Co.Mg,Mn Co,Fe,Mg NYD NYD 
Zn Mn.Zn 
Very Small Pore 
20 YES YES Mg Co,Fe,Mg Be,Ga,Ge Be,Ga 
Mn,Zn Li,Ti 
NYDNot yet discovered 
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1.3 Synthesis of Molecular Sieves 
The earliest attempts to synthesise zeolites were 
carried out by geologists and were aimed at the 
preparation of naturally occurring minerals. The 
conditions employed were based on their ideas of how,  
minerals were formed in nature. At the time, however, only 
the occurrence of igneous deposits of zeolites had been 
recognized. Thus temperatures of several hundred degrees 
Celsius and the correspondingly high pressures, as most 
syntheses were carried out in sealed vessels, were used. 
At this time the reaction mixtures were prepared with the 
same compositions as the expected mineral products, the 
lack of added water leading to a type of smelt' synthesis. 
It is known that the first mineral to be crystallised in 
this manner was Quartz, by Schafhaulte in 1845. It seems 
unfortunate that the large sedimentary deposits of natural 
zeolites now known were not discovered earlier, as they 
would have suggested the modern low pressure routes to 
zeolite synthesis and thus advanced the subject more 
rapidly. 
A review of the very early work is presented by 
Niggli and Morey (90) and in a later review by Morey and 
Ingerson (91) . By the time of this second review it had 
been appreciated that a hydrothermal method employing 
lower temperatures was more effective. This hydrothermal 
method is currently the most widely used and prolific 
source of new materials. While this method is used for 
both zeolites and zeotypes the details of the reactions 
are slightly different and it is easier to discuss them 
separately. 
1.3.1 Synthesis of Zeolites 
The major breakthrough in zeolite synthesis was 
reported by Milton at Union Carbide in the late 1950's and 
is known as the Gel Synthesis Method'. This method 
involves the use of very reactive components and low 
temperatures. Basically the synthesis is the hydrothermal 
crystallisation of an inhomogeneous gel. 
The mixtures are generally alkaline because: 
The four co—ordinate Al(OH)4 necessary for the 
construction of the framework is only formed at 
high pH (92). 
The solubility of silica increases with 
increasing pH (93) and monomeric silica is 
required for the crystallisation process. 
During crystallisation the amorphous gel partially 
dissolves producing soluble silicate/alurninosilicate 
species in various states of polymerisation. Some of these 
species have been identified by various workers. For 
example the polysili.cate double four ring unit often found 
in zeolites (and identified as a secondary building unit) 
was identified by Hoebbel and Wiecker (fig.1.7) (94). 
Engelhardt et al have used 29Si NNR to study 
aluminosilicate species composed of both silicon and 
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Figure 1.7 
The D4-silicate unit trapped by the addition of Si(CH)3. 
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aluminium tetrahedra in the early stages of gel 
crystallisation (for example see 95). Simplistically, the 
most widely accepted mechanism for crystal growth involves 
a type of polymerisation in which the soluble 
silicate/aluminosilicate species in solution are attached 
to the crystallite surface. The crystallisation is 
complete when all of the gel mixture has been converted to 
an ordered crystalline solid. Generally the reaction is 
governed by kinetics rather than thermodynamics and many 
zeolites are metastable phases which will transform to 
more thermodynamically stable species if left in contact 
with the mother liquor. As an example of this zeolite X 
appears to be metastable with respect to zeolite P and for 
certain compositions zeolite Y is metastable with respect 
to zeolite Omega (96) . This is known as Ostwald's rule of 
successive transformations. 
The fulimechanism of crystallisation is not yet 
fully understood and much of the synthesis currently 
underway is more concerned with producing new, 
commercially valuable materials than in trying to 
elucidate the exact mechanisms. Barrer reflects this 
ideology when he says that: 
"The art of synthesising molecular sieves has 
developed more quickly than the chemical science 
which would properly account for their 
formation."  
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The major advantage of the gel synthesis method is 
that rapid crystallisation rates can be achieved at low 
temperatures which makes the syntheses economically 
viable, both in terms of energy expenditure and the use of 
cheaper reaction vessels, albeit that the reactants 
themselves may be more expensive. A typical gel mixture 
will consist of a silicon source (soluble silicate, silica 
sol or high surface area silica e.g. fumed silica), an 
aluminium source (alkali metal aluminate or reactive 
Al(OH)3 e.g. pseudoboehmite), water and a base. During the 
early years of gel synthesis, alkali and alkaline earth 
metal hydroxides were exclusively used as the source of 
base and this produced aluminous materials. Barrer and 
co-workers pioneered the use of the tetramethylammonium 
cation in the early 1960s (98,99) as an alternative. This 
cation has a structure directing or templating effect 
(which will be discussed later) and a tendency to give 
more siliceous frameworks (100) . The use of organic 
cations to direct the synthesis is now widespread and a 
typical gel composition can thus be written as: 
aM20 bQ20 cA1 203 dSi02 eH20 fQX gORG 
where N represents an alkali metal, Q an organic 
"templating" molecule which is also basic and ORG some 
added organic solvent. It is of course possible for many 
of these parameters to equal zero; typical examples are: 
1ONa2O A1 20 603i02 3000H 20 10(Hexane-1,6--diamine) 
(i.e. a=10, b=O, c=1, d=60, e=3000, f=O, g=10). 
This gel can be crystallised as ZSM-5. Two slightly 
different silicalite samples can be crystallised from the 
following two compositions: 
5Na2O 205102 2TFABr 1000H 20 
(a=5, b=0, c=0, d=20, e=1000, f=2. g=O, 
TPABr=Tetrapropylammoniumbromide) 
lOPiperazine 206i0 2 2TPABr 1000H 20 
(a=0, b=0, c=0, d=20, e=1000, f=0, g=10. 
There are many variables other than gel composition which 
can influence the final product of the synthesis. The most 
important physical factors are temperature, agitation and 
time, though others such as gel history have also been 
shown to have an effect. However, these factors cannot be 
considered in isolation as, for example, an increase in 
temperature usually leads to a decrease in crystallisation 
time for some species (101) . From this it is possible to 
estimate the activation energies, for example for 
zeolite A the activation energy for crystallisation is 
approximately 46 kJmol- and for zeolite X the value is 
63 kjmolt. Other factors such as ageing of the gel before 
reaction and agitation can also influence the final 
product and the rate of crystallisation. Stirring mostly 
affects the uniformity of crystal size but in some cases 
it can lead to the formation of different products. For 
one example (a zeotype) it is claimed that an AlP0-18 
mixture produces AlPO-5 if it is stirred (105). 
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As yet there is no single satisfactory explanation to 
account for the crystal growth of synthetic zeolites. 
There are a great many factors which cannot be considered 
in isolation, some of these will be touched on in the 
further discussion of templating effects. The synthesis of 
pentasil materials will also be discussed in more depth 
later. 
1.3.2 Synthesis of Aluminophosphates 
The change from aluminosilicate-based molecular 
sieves to aluminophosphate-based ones is best considered 
as an adaptation of the techniques already established for 
zeolite synthesis. While the same concepts of reactive 
species and low temperature hydrothermal conditions apply, 
the main difference lies in the chemistry of the gel 
reaction mixture. A typical composition for the synthesis 
of a pure alurninophosphate Is: 
(0.5-1.5)R A1 203 (0.8-1.2)P20 	(40-50)H 20 
where R is an amine or quaternary ammonium hydroxide 
(102). A gel of this type typically has a much lower pH 
than that used in zeolite synthesis, normally in the range 
pH 3-7. The reactants can be derived from a number of 
sources and this can sometimes determine the final 
product. The aluminium source can be a reactive alumina 
such as pseudoboehmite (e.g. 103) which has a formula of 
A100H or an alkoxy compound such as aluminiumisopropoxide. 
The use of alumaniumisopropoxide in place of 
pseudoboehmite often leads to the formation of amorphous 
materials or substantially slower crystallisation (104). 
The phosphorus source has generally been orthophosphoric 
acid (8596), it is this that leads to the low pH values. 
The synthesis of the substituted aluminophosphate 
molecular sieves is based on the same strategy, the 
additional elements being added in reactive forms, for 
example tetraethylorthosilicate is often used as a source 
of monomeric silica. 
1.4 The Concept of Templating 
While it is beyond the scope of this thesis to 
attempt to resolve the confusion about the concept of 
templating in molecular sieve synthesis, it is necessary 
to briefly describe the phenomenon as it has been used in 
all the syntheses undertaken. 
The concept of templating has been summarised by Lok 
et al (105) as: 
.the phenomenon occurring during either the 
gelation or the nucleation process whereby the 
organic molecule organizes oxide tetrahedra 
around itself and thus provides the initial 
building block for a particular structure." 
This quotation should be extended to cover all ions 
which are added as templating molecules. In fact in the 
early days of molecular sieve synthesis no organics were 
EEO 
added and so alkali and alkaline earth metal ions were 
viewed as the templating - 	 in the same way as they 
were thought to act in the production of natural zeolites. 
The early concepts of molecular sieve synthesis are 
discussed by Flanigen (106). The early synthetic zeolites 
to be discovered were all very aluminous and were all 
prepared using metal ions. Even after the introduction of 
organic ions by Barrer in the early 1960's it was thought 
that the template was still the metal cation either in its 
hydrated or non-hydrated form. Comparison of the sizes of 
template ions and the dimensions of the cage structures 
appeared to give weight to this argument 
(table 1 . 10) . It was thought that the added organics had 
limited structure directing effect, stabilised sol-like 
aluminosilicates in the solution phase and were another 
source of hydroxyl ions. Apart from new phases, the use of 
organic molecules lead to the formation of much-more 
siliceous frameworks. 
In 1970 the concept of templating solely by metal 
ions was discredited by Meier and Baerlocher who reported 
the synthesis of sodalite and gismondine using the 
tetramethylammonium ion and without the use of alkali 
metal cations (107) 
The tetramethylamrnonium (TMA) ion has now been used 
to form at least eighteen different structures and these 
are listed in table 1.11. As more structures were prepared 
using only organic cations it became accepted that they 
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Table 1. 10 
Relationship Between Building Units 
and Metal Ion Templates. 
Polyhedral Cage Cation Cation Size Examples 
Cage Dimensions Crystal Hydrated 
pm pm pm 
Alpha 1140 Na 200 720 
Sodalite 660 Na 200 720 A,X.Y 
TMA 690 730 
Gmelinite bOO X 740 Na 200 720 Gmelinite 
TMA 690 730 Offretite 
Cancrinite 350 X 500 K 280 660 Erionite 
Ba 270 810 Offretite 
Rb 300 660 L 
D4 Ring 230 Na 200 720 A 
D6 Ring 360 Na 200 720 X,Y 
K 280 660 Chabazite 
Ba 270 810 
Claimed to show good fit for polyhedral cage dimensions 
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Table 1.11 
Structure Types Synthesised Using TMA 
Cations 	Zeotype IUPAC SBUs used 
Class 
TMA 	 Gismondine GIS 54R 
Sodalite SOD Sodalite Cage 
Na 	+ ThA 	Zeolite P KFI S4R 
S 	(Gmelinite type) GME Gmelinite Cage 
R 	(Faujasite type) FAU D6R.Sodalite Cage 
Zeolite E EAB Cancrinite Cage 
ZK-4 LTA D4R,Sodalite Cage 
N LTN D4R,56R 
Omega MAZ Gmelinite Cage 
Nu-1 ? 
Fu-1 ? 
Holdstite MTN Pentagonal- 
dodecahedron 
Hexaka idecahedron 
K + ThA Zeolite 0 OFF 


















+ n-P rNH2 
TMA 	 AlPO4 12b 	 ATT 54R 
Claimed by Flanigen et a], 	and other A1PO4 structures 
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could indeed be structure directing. This and the tendency 
for organic-templated structures to be more siliceous is 
rationalised in terms of the organic template being larger 
than the metal ion template and thus fewer charge 
balancing cations can be fitted into the framework, there 
must then be correspondingly fewer alumina units included. 
One example which appears to illustrate this is the almost 
ideal fit for a TMA molecule inside a siliceous sodalite 
cage (fig.1.8) (82) 
No one satisfactory explanation of templating has 
become accepted yet and there are three main questions any 
theory must answer: 
How can one template form many structures 
(TMA- eighteen structures) ? 
How can one structure be formed from many 
different templates (table 1.12) ? 
Why will certain structures not form without a 
particular template ? 
The aluminophosphate molecular sieves in particular 
present problems with any templating theory as some have 
very low template specificity (e.g. AlPO-5) and others 
have high template specificity (e.g. A1PO4-46) (table 
1.13). It is thought that one of the main roles of the 
template is as a void filler within the structures. For 
AlPO-5 which has very uniform channels this could explain 
why so many templates are effective. If the templating is 
based on the fit of the molecule inside the framework then 
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Figure 1.8 
Pictorial representation of a TMA molecule inside a 
sodalite cage (82) 
Table 1. 12 
Templates Used to Synthesise A1PO4-5 
Template Approx. 	Dim. (pm) Molec. 	Form. 
Tetraethylammonium-OH (700*700*700) (C2H)4NOH 
Tetrapropylammonium-OH (850*850*850) (C3H7)4NOH 
Choline-OH (550*600*700) HOCH2CH2N(CH3 ) 30H 
Triethylamine (550*550*550) (CH3CH2 ) 3N 
Tripropylamine (750*750*750) (CH3CH2 CH2 ) 3N 
Triethanolamine (900*900*900) (CH2CH20H)3N 
Dicyclohexylamine (600*850*850) (C6H,1)2NH 
N-methylcyclohexylamine (550*600*800) (C6H11)CH3NH 
n-butyldirnethylamine (600*600*750) (C4H9 )(CH3 )2N 
Cyclohexylamine (500*600*750) (C 6H)NH2 
N,N-dimethylbenzylamine (600*650*850) (C 6HCH2 )N(CH3)2 
Diethylethanolamine (500*700*850) (C 2H5 ) 2 (CH3CH20H)N 
Aminodiethylethanolamirie (500*700*750) 
N(CH2CH3) (CH2CH2OH) (CH2CH2NH2 ) 
Dimethylethanolamine (400*550*700) (CH3 ) 2 (CH2 CH20H)N 
Methyldiethanolamine (400*600*700) C1-13 (CH2CH20H)2N 
Methylethanolamine (450*450*550) (CH2CH20H)CH3NH 
2-picoline,3-picoline (300*650*800) (CHN)CH3 
4-picol me (300*650*750) (CH4N)CH 
Pyridine (300*650*650) CHN 
Piperidine (500*600*600) CH.1N 
N-methylpiperidine (550*600*650) CH.0N(CH3) 
3-methylpiperidine (550*650*750) (CH3)C5H10NH 
Dmmethylpiperazine (550*650*900) NCH3(CH2CH2)2NCH3 
1, 4-diazobicyc lo [2 , 2, 2) octane 
(600*600*700) N(CH2CH2 ) 3N 
from Catalin molecular models 
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Table 1. 13 
Structure/Template Specificity in AIP0 4 Synthesis 
Pore Structure Number of Different Specificity 
Size Type Templates 
LARGE 5 25+ Low 
36 2 High 
37 1 High 
46 1 High 
50 1 High 
INTERMEDIATE 11 7 Medium 
31 2 High 
41 2 High 
SMALL 17 4 Medium 
18 1 High 
34 3 Medium 
44 1 High 
47 3 Medium 
VERY SMALL 16 2 High 
20 3 Medium 
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increasing the framework dimensions will lead to a loss of 
specificity. Such considerations also explain why for 
example TMA has not been used to prepare structures with 
cancrinite cages, the volume of such a cage being about 36 
cubic angstroms while the volume of a TMA ion lies between 
60 and 100 depending upon the hydration sphere. The range 
spanned by some templates is so great that other effects, 
for example on the gel chemistry, must be important. 
her (108) describes at least three effects that 
organics can have on silica: 
Amines and quaternary ammonium hydroxides in 
particular increase the pH of the solution, and 
thereby increase the solubility of silica in 
water.. 
Polymers may adsorb on the surface of the 
colloidal silica particles and retard 
dissolution. 
They can form 
organosilicate/organoaluminosilicate species 
which could be used to synthesise frameworks. 
This leads to the possibility of previously 
prepared structural units being used to produce 
novel frameworks. In the literature to date all 
of the organosilicate/organoaluminosilicate 
species which have been identified obey 
Lowensteins rule, this may suggest that such 
units are indeed important precursors. 
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If the crystallisation is viewed as a three step 
process of pre—nucleation, nucleation and crystal growth 
then organic ions can influence the nucleation stage by: 




In summary, organic templates do help the formation 
of a particular product but their exact role is still 
unclear. As yet it is not possible to separate the role of 
organic molecules in molecular sieve synthesis from the 
chemistry of the gel as a whole. 
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1.5 Properties of Zeo]ites and Zeotypes 
1.5.1 Introduction 
As this thesis is concerned with the effect framework 
structures and compositions have on the sorption 
properties of zeolites and zeotypes it is worth looking in 
some depth at the properties of zeolites and zeotypes. 
These properties can be broadly sub-divided into three 
groups: 
Those associated with the channel system. 
Those associated with the surface, both external 
and internal. 
Those associated with particular species in the 
framework. 
The ability of zeolites and zeotypes to sorb 
molecules requires that the sorbates are smaller than the 
critical diameter of the pore openings (window size). 
Hence zeo].ites/zeotypes can be used to separate molecules 
on a size only basis. The term molecular sieving' is 
applied to this and was coined by M0Bain in 1932 (110). 
This critical size depends on both the number of T-atoms 
in the rings defining the windows and the actual shape of 
the ring, for example synthetic zeolite A has an eight 
ring with a diameter of 410pm and is considered flat while 
chabazite has a slightly puckered eight ring and a diameter 
of 380pm. The charge balancing cations can also affect the 
window size, for example in zeolite A replacing a Nal ion 
with a Ca 	ion opens the aperture size while exchange 
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with a K ion diminishes the pore opening. The temperature 
of sorption is also important as vibration in the T-O-T 
bonds increases with temperature and may allow larger 
molecules to enter the framework. Breck presents an 
excellent review of these properties (111). There are many 
examples of the use of zeolites to separate organic 
compounds, one example being the selective sorption of 
phenols from solution by silicalite (112). 
It is difficult to accurately quantify the surface 
area of zeolites, though it is generally accepted that the 
surface area is typically about 1% external and 99% 
internal. The difficulty in measuring the surface area 
arises because the pore diameter places constraints on 
sorbed molecules sitting side by side in a pore. Thus when 
surface area determinations are performed (by the BET 
method for example) the results are invalid as the 
internal surface is not necessarily completely covered, or 
at the other extreme the sorbate is in contact with the 
surface on all sides. This latter situation is, however, 
unlikely as a small molecule in a large pore will 
gravitate to the surface. A much more detailed account and 
possible solutions to this is presented by Gregg and Sing 
(113). In molecular sieve science it is much more normal 
to talk about void volume. This depends only upon the 
amount of pore structure which is accessible to sorbate 
molecules. It is calculated by measuring the maximum 
uptake of sorbate in the pore system and then calculating 
the equivalent sorbate volume. This is known as the 
Gurtvitsch rule (114). 
1.5.2 Effect of Framework Species 
The species which make up the framework of molecular 
sieves arguably affect the properties most strongly. These 
effects can be sub-divided into smaller groups and 
considered separately. As this thesis is primarily 
concerned with studying the variation in Si/Al ratios in 
zeolites, the effect of incorporating Si into an 
aluminophosphate framework and the effect of the cation 
associated with the zeolite framework, other molecular 
sieves will not be considered. 
A. Effect of Al substitution into a Si framework 
For the MFI structural series all the aluminous 
members can be treated as having been formed by the 
substitution of an aluminium atom for a silicon atom. This 
is not exclusive to the MFI series as many other synthetic 
zeolites can be prepared with different Si/Al ratios. 
The T-O bond length when T=Al equals 175pm and when 
T=Si equals 162pm. Incorporation of an aluminium into a 
pure silica framework will therefore be expected to show a 
small unit cell expansion. This has been shown by Szostak 
to be true for aluminium, iron (T-0=185pm) and gallium 
(T-0=183pm) (115,116). 
For ZSM-5 this expansion has been shown to have 
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little effect on the X-ray powder pattern of the molecular 
sieves. Bibby et al have shown that the Si/Al ratio can be 
correlated to the spacing between the two peaks at 45.029 
and 45.5"2 	(the (10,0,0) and (0,10,0) reflections) (117). 
This technique was further used by Pollack as a method of 
determining Si/Al ratios in crystals from their X-ray 
powder pattern (118). Such a correlation has also been 
studied for the ferrisilicate substitution series (119) 
(The unit cell parameter of faujasite as a function of 
aluminium content has also been studied in considerable 
detail (120)). As the effect is very small and is only 
visible in these two ZSM-5 peaks this technique has not 
been widely used. The expansion of the unit cell is 
however very small and has not been shown to be a major 
contributor to a change in molecular sieve properties. As 
most processes using molecular sieves are above room 
temperature, the vibration within the T-O bonds themselves 
could be expected to mask this effect. 
The two other effects of aluminium incorporation 
appear to be much more dominant and are: 
Increase in framework negative charge with 
increase in aluminium content. 
Increased cation concentration. 
As stated before, each aluminium atom in the 
framework carries a formal negative charge. The charge is 
balanced by cations in the void space. When the cations 
are hydrogen ions the negatively charged aluminium is 
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associated with a catalytically active site. These acid 
sites have been shown by Haag to be Brnsted acid sites 
and are shown pictorially in figure 1.9 (121). Datka 
determined the concentrations of acid sites in ZSM-5 and 
ZSM-11 and showed that the majority of these sites were 
Bronsted acid sites and that their strength varied with 
the Si/Al ratio (122) . Much work has been reported on 
studying catalytic reactions involving zeolites with 
varying Si/Al ratios. Thus catalysis is one of the few 
areas where the effects of framework species on the 
properties of molecular sieves has been considered. For 
example, aromatization reactions have demonstrated two 
extremes, one where the process has been shown to be 
independent of the Si/Al ratio (123) and the other where 
it is strongly dependent (124). 
There are, however, a limited number of other areas 
where the effect of Si/Al ratio has been studied. It has 
been shown that the position of equilibrium for a sorption 
process can be dependent upon the amount of aluminium in 
the framework. Janchen showed that for a series of 
faujasite samples with varying Si/Al ratio the heat of 
adsorption and the amount of adsorption both vary linearly 
with the amount of aluminium present. As the amount of 
aluminium decreases then the heat of adsorption and the 
quantity adsorbed both decrease (125). 
Another major change which has been observed as the 
Si/Al ratio changes is in the hydrophobicity of the 
[*] 
Figure 1.9 
Pictorial representation of the BrGnsted acid site in 
ZSN-5 and its interaction with a base (121) 
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materials. Chen demonstrated the hydrophobicity of ZSM-5, 
zeolite beta and dealuminized mordenite (126,127) and 
showed that for the mordenite samples the degree of 
hydrophobicity was dependent upon the Si/Al ratio. The 
rationalisation of this is very simple, a polar water 
molecule is attracted to the charge centres in the 
framework, as the amount of aluminium in the framework 
increases so the number of charge centres increases. When 
the framework is composed only of silicon tetrahedra there 
is no framework charge. 
Chen shows that the water molecules are involved in a 
specific interaction between themselves and the 
hydrophilic centres on the framework. These centres may be 
silanol groups (occurring as a fault in the framework) or 
may be associated with the aluminium and its charge 
balancing cation. The observation of these two possible 
sites has subsequently been borne out by magic angle 
spinning NNR ('128). Typically ZSM-5 contains between 7 and 
9% water while silicalite is much lower at approximately 
1% water. The low uptake of water for silicalite has been 
attributed to very slow diffusion due to a lack of 
aluminium sites (129) 
Nakamoto and Takahashi have examined the affinity 
between ZSN-5 frameworks and water, methanol, benzene and 
n-hexane (130). They found that the hydrophobicity of the 
zeolites increased linearly with an increase in Si/Al 
ratio. For a sample with Si/Al>800 (considered a 
silicalite sample) the expected pattern of greater 
quantitites of the the less polar sorbates being sorbed 
was found. For silicalite the different uptakes allowed 
the sorbates to be ordered in terms of decreasing amounts 
sorbed as: 
n-hexane > benzene >> methanol > water 
The overall conclusion was that aluminous ZSM-5 shows 
hydrophilic characteristics while silicalite is 
hydrophobic and organophilic. This is directly attributed 
to the number of charge centres in the zeolitic 
frameworks. 
Other studies have also measured enthalpies, free 
energies and entropies of water sorption both for ZSM-5 
and silicalite. (131). 
As the concentration of aluminium in the framework 
increases then the number of cations in the framework must 
also increase to preserve charge balance. It is therefore 
found that aluminous forms of zeolites have more 
exchangeable cations. This affects the thermal stability 
of the frameworks. Higher cation concentrations appear to 
lead to less thermally stable materials. Alurninous 
zeolites are only stable to about 800C while silicalite 
is stable to over 13000C. The instability of molecular 
sieves such as A and X to mineral acids is attributed to 
the ready leaching of the aluminium. At higher Si/Al 
ratios the framework may still be stable after leaching of 
some aluminium and Dyer (1) reports that clinoptilolite, 
mordenite and ferrierite remain crystalline after six 
months exposure to eight molar nitric acid. Low silica 
zeolites are often described as being fragile in acid 
while the high silica zeolites are stable but show 
decreased base stability. 
Even when there is no aluminium present in the 
zeolite lattice it is still possible that the zeolite may 
contain hydrophilic sites. These sites, the concentration 
of which will depend upon the synthesis regime, are most 
likely to be silanols in the case of silicalite. It is 
proposed that after aluminium removal and even during 
synthesis there can be a reasonably high concentration of 
internal silanol groups. These have been shown to exist by 
NNR studies and have been used to describe the unfinished 
or surface silica sites (132)(i.e. for situations where a 
silicon is not bound to four other si-o groups). Woolery 
showed that the concentration of internal silanols 
increases as the aluminium content decreases (133) and 
reports up to 79 of the silica as Si-OH groups. 
Mathematically the amount of silicon required in the form 
of Si-OH linkages to describe the unfinished framework 
should be considerably lower than this. 
Work done on ion exchange of aluminous ZSM-5 appeared 
to show that there was no simple correlation between 
aluminium content and exchange capacity (134,135), this 
has now also been attributed to the presence of internal 
silanols. The presence of internal silanols formed during 
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synthesis may therefore present problems as they change 
the nature of the framework. 
Olson summarizes the properties of the Z9M-5 
substitutional series (136) . He claims that the properties 
dependent upon Si/Al ratio are ion exchange, catalytic 
activity and water sorption. X-ray pattern, pore size and 
volume, framework density and refractive index are 
composition independent. 
The variation in Si/Al ratio is therefore known to 
change the properties of the molecular sieves. Little work 
has been done on the relationship between sorption 
properties and framework aluminium content, though Scott 
reports the sorption of phenols from aqueous solutions by 
ZSM-5 samples with differing amounts of aluminium (112). 
The main conclusions of that work were that for a series 
of ZSM-5 samples, as the aluminium content increased, the 
sorption behaviour changed very little. The sorption 
isotherms all showed similar initial slopes, though there 
was a decrease in maximum capacity which was attributed to 
the increased water content with aluminium content. The 
binding coefficient between the phenol and the zeolite was 
found to increase with aluminium content as expected, 
though the size of the changes were reportedly smaller 
than expected. The final conclusion was that an increase 
in aluminium content of the zeolite did not lead to a 
well-defined change in sorption behaviour. The effect of 
aluminium and cation content on the sorption of alcohols 
Mj 
from aqueous solution by ZSM-5 has been reported by 
Milestone and Tapp (137). For ethanol and methanol, the 
amount of alcohol sorbed increased with aluminium content 
of the zeolite whereas for n—butanol the opposite was 
found to be true. The amount of sorbed alcohol was found 
to decrease as the ionic size of the exchangeable cation 
increased, thus the decrease in void space was considered 
the important factor. Little other work on the variation 
in sorption of organic molecules with zeolitic aluminium 
content has been reported; this forms the basis of this 
work. 
B. Incorporation of Si into an aluminophosphate framework 
Being a much newer field than zeolite chemistry there 
have been very few sorption studies reported in the 
literature so far. The bulk of the work on SAPOs has 
concentrated on their synthesis and catalytic activity. 
As described earlier there are two possible 
mechanisms for the incorporation of silicon into a 
hypothetical aluminophosphate framework. If the silicon 
replaces a single phosphorus then a charge imbalance will 
be created. This will require a charge balancing cation, 
and if this is a hydrogen ion it will lead to the 
formation of acid centres. In this case the SAPO will 
display similar properties to the aluminium—containing 
zeolites. The reported charge imbalances are always very 
small as substitution by this method only appears to occur 
when small amounts of silicon are incorporated. If a 
silicon pair replaces a phosphorus-aluminium pair then 
there will be no charge imbalance. 
For the reported situations where silica islands are 
found within an aluminophosphate framework then it is 
entirely possible that different effects will occur in 
different parts of the crystal. For example the silica 
islands formed will be hydrophobic (like silicalite) while 
the aluminophosphate part is hydrophilic due to localised 
charges. 
At present some work on the surface states of 
aluminophosphates has been reported. Suib reports that 
A1 3 environments in aluminophosphates and 
si.licoaluminophosphates are similar to those found in 
silica-rich zeolites (138). The silicon environments on 
the other hand appear to be intermediate between those of 
silica-rich and silica-poor zeolites. This may justify the 
hypothesis that there will be two different crystal 
environments for the silica. 
Little work has been reported on the sorption 
properties of SAPOs. This work aims to investigate the 
sorption properties of a series of SAPO-11 samples with 
varying amounts of silicon. 
Thus the aim of this work is to determine the role 
played by each framework species and charge balancing 
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CHAPTER TWO 
ANALYTICAL METHODS 
There are excellent reviews (1,2,3,4) on the range of 
techniques available to investigate the behaviour of 
molecular sieves, only those which have been used in this 
work will be considered here. 
2.1 X-ray Powder Diffraction 
X-rays are diffracted by crystalline materials. This 
phenomenon can be used for the quantitative and 
qualitative examination of crystalline powders. Molecular 
sieves exhibit distinctive 'finger-prints' which allows 
their rapid identification, the most widely used 
application. The crystallinity of the samples can also be 
determined. 
A detailed account of the theory behind diffraction 
is outwith the scope of this work, several books have been 
published on the subject (e.g. 5.6). Briefly, the 
wavelengths of the X-rays, A. the diffraction angle, 9, 
and the distance between each set of atomic planes, d, are 
linked by the Bragg equation: 
n'A= 2d(sin) 	 Eqn. 2.0 
The X-ray powder pattern is normally presented as a plot 
of intensity against 28 angle, from which the d-spacing 
can be readily calculated. These patterns can then be used 
to identify the molecular sieve. 
A collection of simulated powder patterns for most of 
the known zeolite structures has been published by von 
Bailmoos and Higgins (7). 
In some cases the X-ray powder diffraction pattern 
can be used to identify the crystal class and obtain the 
unit cell parameters, and in special cases the space group 
can also be determined. The assignments of space groups to 
zeolites has posed problems in the past (8,9) but the 
technique is nevertheless a very powerful one, and recent 
advances e.g. the use of Rietveld refinement and 
synchrotron radiation have made it possible to determine 
unknown structures from powder patterns. X-ray powder 
diffraction has been used to monitor changes in crystal 
structure. For example lattice distortion on dehydration 
of chabazite (10), lattice parameter variation with 
aluminium content in faujasite. (ii) and the orthorhombic 
to monoclinic phase change in ZSM-5 (12). None of these 
changes would be detectable by any other means. 
The main use of powder diffraction in this work is 
for the identification of synthesised materials and the 
determination of their crystallinity and phase purity. All 
of the powder diffraction patterns were measured on a 
Philips Powder Diffractometer. Samples for powder 
diffraction were finely ground and were then left to 
equilibrate in the atmosphere for several hours. The 
samples were loaded into an automatic sample changer 
(type PW 1170/02) . The goniometer (PW 1050/80) was mounted 
on a highly stabilised X-ray generator (PW 1730/10) which 
provided copper K-alpha X-rays of mean wavelength 
154.18pm. Scanning was performed at 1(20) per minute with 
a time constant of 2 using a PW 1390 motor control unit. 
An AMR focussing rnonochromator (model AMr 3-202E) was 
fitted in front of the detector (PW 1965/60) 
Samples to be compared were run consecutively so as 
to minimize changes in diffraction intensity caused by 
variations in humidity and changes in the main beam 
intensity. 
2.2 X-ray Fluorescence Spectroscopy 
Analyses of molecular sieve compositions were carried 
out with the help of the Geology Department, University of 
Edinburgh on a Philips PW 1480 X-ray spectrometer fitted 
with a PW 1510 sample changer. 
The samples were prepared in the following manner: 
The samples were calcined at 1000C for one 
hour. 
Approximately 0.5g of the sample was mixed with 
an equivalent amount of pure SiOa. 
Exactly five times the combined weight of 
lithium borate flux was added and the mixtures 
heated at 1100'C for twenty minutes. 
Once cooled the mixtures were reweighed and any 
loss of volatile components from the flux was 
made up by the addition of extra flux. 
The mixture was then strongly heated over a 
Bunsen burner until liquid and was then quickly 
poured into a graphite mould. 
To prevent cracking the resultant glass disc was 
cooled slowly, removed from the mould and 
analysed. 
There are numerous books on the use of X—ray 
fluorescence spectroscopy, particularly for geological and 
mineralogical uses (e.g. 13). 
2.3 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) can be used to 
give information on the shape and size of molecular sieve 
crystals. It can also show the presence of impurities. 
The instrument used was a Cambridge Stereoscan 250 
situated in the Edinburgh University Science Faculty SEM 
Unit'. 
Samples were prepared by placing a very small amount 
of solid in a small sample bottle and then adding a few 
drops of acetone. The mixture was then mixed using a 
dropping pipette and a small sample dropped onto an 
aluminium stub. Once the acetone had evaporated, the stub 
was coated with a thin layer of gold to enhance picture 
quality and dissipate charge build up. Charge build up, 
which is particularly prevalent for spherical particles 
distorts the observed image. 
The stubs were then mounted in the instrument and 
bombarded with high energy electrons. Some of the 
electrons are reflected and some interact with the sample 
to produce secondary electrons, both types being collected 
by a photomultiplier which creates an image of the sample. 
2.4 Inductively Coupled Plasma 
Atomic Absorption/Emission Spectroscopy 
The compositions of all the molecular sieves with MFI 
type frameworks were determined by courtesy of ICI 
Chemicals and Polymers Ltd. at Wilton. The technique 
involves dissolving the zeolite in acid and then analysing 
the solution phase. 
2.5 Thermal Analysis 
Thermal analysis is a technique which measures the 
change in thermal properties of a substance as it is 
heated. The three main types of thermal analysis in use 
are: 
1. Thermal Gravimetric Analysis (TG ) 
This technique measures the change in weight of 
a substance as a function of temperature. 
Various thermal events can be seen, for example 
the loss of differently bound water molecules 
from CuSO45H20. 
2. Differential Thermal Analysis (DTA) 
In differential thermal analysis the sample and 
a reference material (most often alumina) are 
heated at the same time but in different sample 
pans. The difference in temperature between 
these two samples is measured. As they are 
heated in the same furnace any temperature 
difference can be attributed to a thermally 
induced event which causes either a physical or 
chemical change in the test sample. For example 
if Indium metal is heated it melts at 156.5C. 
This event requires energy and the Indium sample 
would therefore be colder than the reference 
sample. DTA is used to record exothermic and 
endothermic events which occur during heating. 
The actual energy involved in any process may be 
determined from the area under the DTA curve 
after the apparatus has been calibrated with 
materials whose energy changes associated with 
thermally induced events are known. 
Both these techniques together with differential 
thermogravimetric analysis (DTG), the temperature 
derivative of the TGA plot as a function of temperature 
have been applied to the study of zeolites. As zeolitic 
frameworks themselves are normally thermally stable, 
thermal analysis of zeolites is usually more concerned 
with surface and void space species. 
all 
An anhydrous, calcined zeolite would be expected to show 
no weight loss and no thermal events unless at higher 
temperatures, where the zeolite framework collapses. One 
major use of thermal analysis related to the synthesis of 
new materials is in the determination of microporosity. 
Reversible weight loss (normally with water) is an 
important criterion for microporosity and this can easily 
be monitorred with a sample on a thermal balance. The 
weight loss on heating and weight gain on cooling can both 
be examined. 
For zeolites prepared from gels containing both water 
and organic templates, thermal analysis and differential 
thermal analysis are particularly important. A typical 
thermal analysis trace will show a low temperature 
(typically less than 150C) weight loss which can be 
attributed to water and will have a corresponding 
endotherm on the DTA trace. A higher temperature weight 
loss, associated with a DTA exotherm is caused by the 
combustion of the organic species. Thus water and organics 
are lost at different temperatures. Sometimes further 
detail allows different mechanisms (for either water or 
organic weight loss) due to different sites within the 
void space to be distinguished. 
Habersberger reports the use of thermal analysis to 
study the characteristic properties of zeolites such as 
surface properties, thermal stability and phase 
composition (14) . Dyer also discusses the thermal analysis 
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of zeolites (15). He reports that natural zeolites can be 
analysed for their chabazite and phillipsite contents by 
TGA, since these two zeolite phases have different 
thermoanalytical properties. Lowe et a] used thermal 
analysis to distinguish between two forms of zeolite omega 
(16). Alsdorf used a combination of DTA and TG to 
characterize different forms of zeolite Y (17) 
Thermal analysis is often used to give a partial 
analysis of a zeolite. It is usually possible to separate 
various reactions and then determine water and organic 
contents. The techniques used in this thesis are 
restricted to TGA, DTA and DTG but there are a great many 
other thermal analysis methods available (18) 
In this work simultaneous thermal analysis was 
employed, measuring TGA, DTG and DTA at the same time. The 
apparatus used was a Stanton Redcroft STA 780 simultaneous 
thermal analyser. This was linked to a BBC microcomputer, 
which allowed the results to be collected and processed 
more easily. The use of the computer is reported in the 
literature (19) 
Typically between 10 and 15mg of material which had 
been equilibrated for some time over saturated sodium 
chloride was placed in the sample pan and approximately 
15mg of dry alumina was used as the reference material. 
All runs were carried out at a heating rate of 10C min - ' 
under an atmosphere of flowing air. The runs were normally 
terminated at 900C. 
2.6 Isopiestic Technique 
2.6.1 Introduction 
In order to compare the sorption properties of a 
series of molecular sieves it is necessary to have a test 
reaction which can be used on all the samples. In this 
thesis the sorption work was done using an isopiestic 
technique. 
An isopiestic technique involves taking two (or more) 
solutions of non-volatile solutes in the same volatile 
solvent. These solutions are then placed in an enclosed 
space and left to equilibrate. During equilibration, 
solvent will pass from one solution to another by 
condensation and distillation processes. These continue 
until the vapour pressures, and hence the solvent 
activities, are equal. Solutions which have the same 
vapour pressure are said to be isopiestic. 
This technique was first used by de Vries who 
described two solutions in equilibrium with respect to 
solvent transfer as 'iso-tonic'. The technique was 
developed by Bousfield in 1917 (20) . He re-named it as the 
iso-piestic' technique as he did not appreciate some of 
the connotations involved in iso-tonic: by this stage 
iso-tonic had come to represent theoretical considerations 
as opposed to actual measurements. Other workers were 
using similar prefixes to denote similar solutions, 
Arrhenius described solutions which did not change their 
dissociation on mixing as iso-hydric" and Nernst 
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described solutions containing the same number of 
molecules of dissolved substance in a given volume at a 
given temperature as "iso-osmotic'. The term "isohydric 
is still used to describe solutions with the same pH 
values, the hyphen having been dropped as it has for 
isopiestic but the term iso-osmotic no longer appears to 
be used. Isotonic is now mainly used medically, to suggest 
balance with respect to body fluids. 
The isopiestic technique was improved by Sinclair 
(21) who found that Bousfields original method 
encountered slow equilibration. By arranging for the 
dishes holding the solutions to be in good thermal contact 
via a metal block he managed to decrease the equilibration 
time. The technique was further modified by Robinson and 
Sinclair (22) and results from systematic studies on 
aqueous electrolyte solutions have been published by 
Robinson and Stokes (23). 
The technique has also been applied to water soluble, 
non-volatile, non-electrolytes such as urea (24,25). Some 
important experimental and procedural considerations have 
been reviewed by Lukyanov (26) and also by Mallinson 
(27). 
The isopiestic technique was first applied to the 
study of sorption by zeolites in 1983 (28), much of the 
early work is reported by Fegan (29). 
Other studies have now also been reported 
(30,31,32,33) including the first isopiestic study on 
aluminophosphates (34). 
2.6.2 Fundamentals of the Technique 
The basis of the isopiestic technique is the ability 
to determine the concentrations of the different solutes 
in solutions which all have the same vapour pressure. 
Considering the simplest case where only two 
solutions are involved it is possible to see how the 
technique is applied. Consider the case for two solutes in 
the same solvent. Let the solutions be called A and B, and 
let the vapour pressure of solution A be greater than that 
of solution B. If these two solutions are left to 
equilibrate in for example an evacuated desiccator then 
solvent will distil from A to B until the vapour pressures 
are the same. 
To reach equilibrium quickly and to avoid 
non—isothermal spurious results it is necessary to have 
the two dishes containing the solutions in good thermal 
contact. The two processes involved are solvent 
distillation from A (usually involving a temperature 
decrease in the solvent) and solvent condensation to B 
(usually involving a temperature increase in the solvent). 
At equilibrium by accurately weighing both the dishes 
it is possible to calculate the molalities of both 
solutions. If each dish contains the same solute the 
molalities will be equal. It is worth noting that for this 
isopiestic technique to give meaningful results it is 
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essential that there is no transportation of solute 
particles accompanying the solvent particles i.e. solute 
mass must be conserved in each dish. 
If solvent activity is known as a function of solvent 
molality for one of A or B then the other can be inferred, 
as at equilibrium the solvent activity must be the same 
and the solvent molality is the entity being measured. 
It is possible to equilibrate the system for a series 
of concentrations (and hence solvent activities) by adding 
or removing solvent from both dishes and leaving to 
equilibrate again. Knowledge of the isopiestic molalities 
of different solutes can give detailed information about 
the chemistry of solutions. Traditionally the main use of 
the isopiestic technique was for the determination of 
activities and osmotic coefficients. 
In order to obtain these results, only the initial 
weight of solute in each dish and the final equilibrium 
weight are required; experimentally the technique is very 
simple. 
This isopiestic technique can be applied to more than 
two solutions at the one time. All members of a series of 
samples equilibrated in this way will still have the same 
solvent activity. 
Another major adaptation of the technique is to 
introduce a saturated solution of an inorganic salt (such 
as NaCl, KC1 or NaBr) into the base of the desiccator 
during equilibration. Providing this solution remains 
saturated throughout the equilibration, it will control 
the vapour pressure and hence solvent activity within the 
desiccator. There is therefore no need to incorporate a 
solution whose solvent activity is known as a function of 
molality. The vapour pressures of the saturated salt 
solutions can then be measured or found in the literature. 
2.6.3 Application to Molecular Sieve Systems 
In the study of sorption by molecular sieves, much 
interest lies in the study of imbibition from aqueous 
solutions. For successful experiments using the isopiestic 
method there are two criteria which must be fulfilled by 
the solute: 
Solute molecules must be involatile when in 
aqueous solution as the mass of solute in each 
dish must be conserved. Most inorganic salts at 
25C for example fit this criterion. 
The solute must be appreciably water soluble. 
Solutions of sparingly soluble substances have 
aqueous vapour pressures that approach that of 
water and cannot be equilibrated very easily. 
The equilibrations are very slow and the 
problems of capillary condensation can be 
encountered. 
Solute imbibition (also called occlusion, inclusion 
and impregnation) in zeolites has often proved difficult 
to study by other techniques; as may be judged from the 
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fol lowing: 
Consider the uptake of a solute from aqueous solution 
by a zeolite. To describe all the equilibria which exist 
the following parameters must be determined: 
The concentration of solute in the solution 
phase. 
The concentration of solute in the zeolitic 
phase (often referred to as the solid phase) 
A conventional method for establishing these 
parameters might proceed as follows: 
Known weights of anhydrous zeolite, solute and 
water are placed together in some container. 
The container is sealed and placed in a 
thermostatted environment. 
The system is allowed to equilibrate, most 
likely with agitation to ensure homogeneity and 
reduce the equilibration time. 
The solution and zeolitic phases must be 
separated. 
The solution phase is analysed and its 
concentration determined. 
The mass of the solution phase should also be 
determined. 
The concentration of the solution phase inside 
the zeolite must be determined, but is most 
likely to be inferred as follows: 
(a) Assuming the densities of the two solutions 
(external and internal with respect to the 
zeolite) are the same then the change in 
volume of external solution phase after 
equilibration can be attributed to a 
transfer of water between the two phases. 
(b) Knowledge of the initial and final 
concentrations of the external solution 
phase can be used to determine the solute 
uptake by the zeolite. 
While this appears relatively easy and theoretically 
poses no problems. it is very difficult to separate the 
two phases without upsetting the equilibrium inside the 
zeolite. It is virtually impossible to account for solute 
adhering to the external surface of the zeolite, and it is 
very difficult to wash the adhering solute off without 
upsetting the internal equilibrium. To determine the 
change in mass of the external solution phase it is 
essential to free the external surface of the zeolite from 
solvent particles. This could be best done by some 
constant weight gravirnetric method, for example, measuring 
the change in mass of the zeolite and relating this to a 
change in mass of the solution phase. To do this while not 
removing water from the pores of the zeolite would be 
infinitely difficult. 
Alternatively the zeolitic phase could be analysed 
for its solute content only. Most techniques to do this 
rely on washing' the solute from the pores and then 
analysing the quantity of solute evolved. This presents 
problems in accuracy, not least in the fact that the mass 
of water in the zeolite has to be conserved during the 
process. as well as the experimental difficulties in 
ensuring complete removal of the solute from the zeolite. 
Most conventional techniques have been used only to 
measure the solute uptake by the zeolite and the question 
of how much water is also present at equilibrium has 
remained unanswered. In summary, conventional techniques 
cannot easily be applied to imbibition from solution, as 
they are experimentally difficult and have limited 
accuracy, particularly when only very small amounts of 
solute are imbibed. 
Application of the isopiestic technique to this 
problem resolves many of the difficulties. The procedure 
is as follows: 	 - 
For a series of dishes: 
Similar amounts of zeolite and different amounts 
of solute are accurately weighed into each dish. 
Water is then added to each dish. The exact 
amount added at this stage does not need to be 
known and in practice the solute is most easily 
added in the form of a solution. 
The dishes are then placed in a desiccator which 
has a saturated solution of an inorganic salt in 
the base. The dishes are best placed in a metal 
block to allow good thermal contact between 
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them. 
The desiccator is evacuated and the system left 
to equilibrate in a thermostatted environment. 
After some time each dish is weighed. The 
equilibration is then continued over the same 
saturated inorganic salt solution until 
consecutive weighings for each sample are 
achieved. 
At this stage, the external solution phases present 
in each dish have the same vapour pressure as the 
saturated salt solution. These solutions will be isomolal 
and are said to be in isopiestic equilibrium. 
If a dish containing only solute and water was 
included then the molality of the solution phases could be 
obtained from the equilibrium composition in the 
zeolite-free" dish. To obtain, the uptakes of solute and 
water by the zeolites a more detailed analysis is 
required. 
101 
2.6 ur Description of Equilibrium Conditions 
The equilibrium situation can be described in 
terms of the mass composition of each dish: 
The total amount of water in the dish (WTQ-r),  
the experimentally determined parameter, is 
equal to the sum of water in the solution 
phase (WoL) and that in the zecilite (WzEo) 
Wror = WOOL, + WZEO 	 Eqn. 2.1 
The total amount of solute in the dish (STOr) 
is known from the initial weighings and is 
divided between solute in the solution phase 
(S c ) and in the zeolitic phase (SEo) 
S-ror = S O OT- + Szo 	 Eqn. 2.2 
The concentration of the solution phase, C. 
calculated from the solution-only dish is 
given by: 
C = SSOL / W01.. 	 Eqn. 2.3 
There are therefore three equations which can be 
applied to the equilibrium but these contain four 
unknowns (WSOL, WZEO, SeOL, SZEO). The problem is 
therefore that no information about how the various 
components are distributed between the two phases can be 
gained. 
It can now he seen why a series of samples 
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differing only in the amount of solute originally added 
are used. There are two distinct possibilities for each 
of the samples: 
If the amount of e;olute originally added i 
less than or equal to the maximum amount of 
solute which can be imbibed by the zeolite at 
the vapour pressure dictated by the saturated 
inorganic salt solution, then all the solute 
will be in the zeolitic or solid phase. This 
would mean that the external solution phase 
would be pure water only, but as this could 
not have the same vapour pressure as the 
saturated inorganic salt solution then there 
can be no solution phase present at isopiestic 
equilibrium for this situation. This sample is 
therefore said to be dry. 
If, on the other hand, the amount of solute 
added is greater than the maximum amount which 
may be imbibed at this vapour pressure, then 
the excess solute must be manifested in the 
form of a solution phase with known solvent 
activity. All solution phases present in the 
series of dishes will have the same molality. 
At equilibrium therefore, the total weight of each 
dish is measured and from this the amount of water 
present in each dish can be calculated. If the value of 
water present per unit of zeolite is plotted against 
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solute added per unit of zeolite then a V—shaped graph 
is obtained (fig. 2.1). 
The gradients of the two lines on this graph depend 
upon the way that the water contents of the 
solute/zeolite mixtures vary as the point of maximum 
solute uptake is approached and then passed. It is akin 
to titrating water against a sample composed of zeolite 
and solute until the equilibrium position is reached. 
For the left hand part of the graph, where the 
amount of solute added is less than the total amount 
which could be imbibed, the gradient may have any value. 
All points on this line represent the situation where 
all the water and solute in the sample dish are inside 
the pores of the zeolite. For this solid phase line 
there are three scenarios: 
(a) Gradient is negative. 
This implies that for each solute molecule 
entering the zeolitic phase a fixed number of 
water molecules are expelled from the pores of 
the zeolite. This is the most likely of the 
three possibilities to occur especially for 
the situation where the zeolite pores are 
initially completely filled with water. The 
number of water molecules displaced per 
entering solute molecule will depend on a 
number of factors including, for example, the 
solute particle size and hydrophilicity. The 
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Figure 2.1 
Schematic Depiction of an Isopiestic Imbibition Graph 
4 SOLID PHASE LINE 	SOLUTION PHASE LINE 
I 	Imaginary solid phase point A 





S 	 5r0-r/NZEO 
All solute and water is 	 Zeolite crystals are in 
intracryst.alline. 	 I 	contact with a solution 
Water content of the pores 	phase. The molality of 
is affected by solute 	 the solution phase is 
content of the pores. I 	inversely proportional to the gradient. The 
I intracrystalline content 
of the samples is the 
same per unit weight 
I 	dry zeolite. 
From the interpolated intersection point (41), the 
intracrystalline solute and water contents of the samples 
in contact with the soultion phase may be determined. This 
point also represents the maximum amount of solute which 
may be imbibed. 
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amount of water which is in the pores prior to 
solute imbibition can be calculated from the 
intercept with the y-axis, this point 
represents the case where there is no added 
solute and the zeolite is simply equilibrated 
with water to a vapour pressure dictated by 
the saturated inorganic salt solution in the 
desiccator. 
Gradient is zero. 
This situation implies that the entering 
solute molecules have no effect upon the water 
content of the zeolite. It may be that because 
the pores of the zeolite are not full of water 
in the solute-free system that there is 
sufficient space for an entering solute 
molecule without theneed for water 
displacement. Additionally the solute may 
enter with some solvation shell still intact, 
the water originally in the pores being 
displaced by this water but the overall water 
content remaining constant. 
Gradient is positive. 
In this case entering solute molecules 
increase the water content. The most likely 
explanation for this is the solute entering 
with its solvation shell into a pore not 
originally full of water. This may be 
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associated with a reorganization of the water 
molecules already in the pores. Some of the 
non-solvation shell water may be displaced, 
alternatively it may form secondary soivation 
shells. 
For the solution phase line, on the right of the 
graph. the zeolite crystals are in contact with a 
solution phase. The contents of the zeolite samples are 
all the same and correspond to the maximum amount of 
solute which could be imbibed at the particular vapour 
pressure. For this uptake of solute there will be an 
associated amount of water, which will also be the same 
for each sample. Samples on this part of the line 
therefore have the same intracrystalline contents. It is 
only possible for this line to have a positive gradient 
as the gradient is inversely proportional to the 
molality of the solution phase, which obviously cannot 
be a negative quantity. However the gradient could be 
equal to zero; this would imply that the zeolite 
crystals were in contact with anhydrous solute particles 
on their external surfaces. 
The intersection point of the dry and solution 
phase lines is an important quantity. It represents a 
sample for which the added solute is exactly equal to 
the maximum amount of solute which may be imbibed by the 
zeolite and the corresponding amount of i.ntracrystalline 
water. Points with more added solute than this must have 
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a solution phase and identical intracrystalline 
contents. Points with less solute can have no solution 
phase. 
The total weights of solute and water at the 
intersection point allow the maximum internal molality 
of the solute in the zeolite at the given vapour 
pressure to be determined. 
2.6.5 Mathematical Interpretation Of Imbibition Graphs 
For the samples which contain a solution phase 
equation 2.1: 
W-r. = 	+ Wzo 	 Eqn. 2. 1 
can be manipulated to give: 
WTO-I- = Ssox..(WSOL./SSOL) + WZEO 	 Eqn. 2.4 
where W=water,. S=solute, so,-=solution phase and 
ZEO-zeol ite phase. 
Substituting equation 2.2 (S-roT = SSQL. + Szmo ) into 
this gives: 
WTO.T. = (STor - SEO) (WoL/SeoL) + WZEO 	 Eqn. 2.5 
which can be rearranged in two steps: 
WTor = SroT(Wsoi./Ssoi-) - SZEc, (WSOL/ Ssoi.. ) + WEo 
Eqn. 2.6 
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= So--(Wo/SsoL) - SzEo(WoL/SsoL - WzEo/SzEo) 
Eqn. 2.7 
This can be simplified by: 
Designating the term W9oL/Ss 	as ReOL. This 
is a measure of the water to solute ratio in 
the solution phase. 
Designating the term WzEo/Szo as R 0 which 
represents the water to solute ratio in the 
zeol ite. 
Equation 2.7 can now be simplified as: 
W-rcyr = S--0-1-R0 + SZE0(RzEo - 	 Eqn. 2.8 
Finally, to rationalize the results it is 
convenient to express all quantities in terms of weights 
per unit weight of anhydrous zeolite. This can be 
achieved simply by dividing by the weight of zeolite 
(M 0 ). 
W'cyr/MzEo = RsOL(S'rcrr/MZE0) + (SZEQ/MZEO) (RZEc, - RSOL.) 
Eqn. 2.9 
The term SzEo/Mo is defined as the weight of 
solute imbibed per unit weight of dry zeolite and can be 
replaced by IJZEO. 
W'o-l-/MzEo = ReOL(ST0r/MZE0) + UzEo(RZE0 	RoL) 
Eqn. 2.10 
This equation now represents the situation in which 
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the zeolitic phase is in contact with a solution phase. 
For a given solution activity (controlled by the vapour 
pressure of the saturated inorganic salt solution in the 
base of the desiccator) R.OQL, R0 and UZEO will be 
constants and equation 2.10 can then be rewritten as: 
WTO.T/MZEC = c * ( S-ro-r/MEo) + c 1 	Eqn. 2.11 
where c and c- are both constants. The total 
amount of water in each dish is therefore linearly 
dependent on the total amount of solute in each dish. 
This describes the right hand side of the imbibition 
graph i.e. the solution phase line. 
Rearranging equation 2.9 gives: 
W-ro-r-/MZEO = RoLjSroT/MEo - SZEOMZEO) + RZEQ(SZEO/MZEO) 
Eqn. 2.12 
which since 3 -ror = 5ZEO + SSOL can be rewritten as: 
WTor/MEo = RoL(Sso1jMzEo) + RzEo(SzEo/MzEo) Eqn. 2.13 
For the situation where there is only a small 
amount of added solute and all of this is imbibed by the 
zeolite then the term SoL will be equal to zero i.e. 
there is no solute in the 'solution phase'. In this case 
equation 2.13 simplifies to: 
W.I.O-I/M2EO = RZEQ(SzEO/MZE0) 	 Eqn. 2.14 
but the amount of solute imbibed is equal to the amount 
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of solute originally added (S--r = SZEO)SO 2.14 becomes: 
W-rO-r/MZEO 	REo(Sror/MzEo) 	 Eqn. 2.15 
Substituting for RZEO it can be seen that for a 
situation where all the solute is intracrystalline then 
the total amount of water in the dish is equal to the 
amount of water in the zeolite, i.e. all the water is 
also intracrystalline. 
Thus equation 2.14 becomes: 
Wr0r/MZEO = (Wzo/SzEo)SzEo/MEo) 	 Eqn. 2.16 
and hence 
WTOT/MZEO = WZE0/MZE0 	 Eqn. 2.17 
This represents the situation on the left hand side of 
the imbibition graph and justifies the description of 
such samples as 'dry'. This term will also hold for the 
situation where there is no added solute in a dish i.e. 
the zeolite will still contain water, the amount 
depending upon the vapour pressure within the 
desiccator. If we represent the uptake of water in the 
absence of solute as 	and that in the presence of 
solute as Uw then we can write for the dry dishes: 
Uw = (WTOT/M2EO) = U wc + F(SZE0/MZE0) 	Eqn. 2.18 
where F is a function that can only be determined 
experimentally. 
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In simple cases: 
Uw" + k(SZEQ/MZEO) 	 Eqn. 2.19 
where k is a constant. 
2.6.6. Experimental Equipment 
The basic design of isopiestic equipment for 
solution-only work has been described elsewhere (27,35). 
The application of the technique to study zeolites has 
been extensively reported by Fegan (29). 
The desiccator arrangement used in this work is 
depicted in figure 2.2. The major change from the early 
work of Fegan being that small glass bottles were used 
in place of the metal dishes. This meant that eleven 
samples could be accomodated in each desiccator. The 
bottles were still mounted in metal blocks, but the lid 
operating mechanism used by Fegan was discarded. Instead 
the bottles were quickly stoppered with plastic lids 
after the desiccator vacuum had been released. 
The metal blocks sat inside six inch Dry Seal 
desiccators (Type 4, Jencons Ltd.). They were supported 
from the sides of the desiccator at its lower 
restriction. The saturated inorganic salt solution was 





Schematic Representation of the Desiccator Arrangement 
it 
A- Screw Type Seal 
- B- Pump Attachment; connected to oil pump during 
evacuation 
'O'-ring Seal 
Glass Bottle + Zeolite + Sorbate Solution 
Metal Block 
Saturated Salt Solution 
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The desiccators were carefully evacuated using an 
oil—pump. In the initial evacuation great care had to be 
taken to prevent the solutions 'sputtering through loss 
of dissolved air. This can happen if the evacuation is 
carried out too quickly. 
During equilibrations the desiccators sat in 
thermostatted water baths, both conventional and rocking 
as described by Fegan (29 page 333) . All equilibrations 
were carried out at 25°C. The bath temperatures were found 
to fluctuate by upto 0.1"C. These small fluctuations would 
be damped by the glass desiccators and also by the metal 
blocks. It is believed that temperature variations between 
samples are negligible. 
2.6.7 Experimental Procedure 
As all the results depend upon the sample weights 
great care was taken with weighings. The balance used, a 
Mettler AE 163, was frequently cleaned and recalibrated 
and was located in a draught—free environment on top of a 
slate bed to reduce vibration. The balance was capable of 
weighing to 0.00002g accurately and equilibrations were 
continued until results consistent to within 0.0001g were 
achieved. 
During sample preparation and weighing great care was 
taken to maintain the integrity of the sample, latex 
gloves were worn to ensure the cleanliness of the sample 
bottles. Once the vacuum was released the bottles were all 
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stoppered within thirty seconds, the lids having been 
stored in a desiccator between equilibrations. 
A typical procedure for preparing the samples is 
outlined below. 
The bottles to be used as sample dishes were 
carefully washed with distilled water and then 
dried at 150cC for two hours before being cooled 
under atmospheric pressure. 
Each bottle and its lid were then carefully 
weighed. 
Approximately 0.5g of the molecular sieve under 
study was weighed into each bottle. At this 
stage the exact weights do not matter but it was 
desirable to make the samples as similar as 
possible. 
The bottles in their metal block were then 
equilibrated over a solution of saturated sodium 
chloride (in the base of the desiccator) until 
weight consistency was attained. 
The weight of each molecular sieve sample was 
then determined by weighing and thermal analysis 
was performed on a similarly equilibrated sample 
to determine the water content. From this the 
actual amount of anhydrous molecular sieve in 
each sample was calculated. 
A solution of the solute under study was 
prepared using freshly boiled water. The water 
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was boiled to de-gas it slightly to reduce 
sputtering when the desiccators were evacuated. 
7. Different amounts of the solution were added to 
each sample to cover a range of solute to 
sorbate ratios, one dish normally being left 
solute-free. 
B. The samples were then returned to the desiccator 
and were left to equilibrate under vacuum over 
the desired saturated inorganic salt solution 
until weight constancy was achieved. 
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CHAPTER THREE 
SYNTHESIS OF MFI TYPE MOLECULAR SIEVES 
3.1 Introduction 
Since its discovery, first reported in 1972 (1), an 
enormous amount of work has been published on ZSM-5. One 
of the main reasons that vast budgets have been allocated 
to research on this material can be traced to its use in 
the petrochemical industry, where its properties have been 
found to be ideally suited to catalytic reactions. These 
catalysis roles are widely varied and range from the 
conversion of methanol to gasoline (2), to other 
commercially significant petrochemical processes such as 
distillate dewaxing, ethylbenzene synthesis, xylene 
isomerisation and toluene disproportionation (3). 
The MFI framework topology covers a series of 
materials with a vast range of .aluminium contents, from 
the aluminous •ZSM-5 (down to Si/Al=11) series through to 
the pure silica polymorph, silicalite (Si/Al>1000). 
ZSM-5 was first synthesised by the addition of a 
solution of sodium aluminate to a second solution 
containing silica in tetrapropylammonium hydroxide. The pH 
of the resultant mixture was then adjusted by the addition 
of sodium hydroxide until the pH lay between 10 and 11. 
This reaction mixture could be crystallised at 
temperatures in the 120-200"C range and after filtration 
and drying the product exhibited a novel but 
characteristic X-ray powder diffraction pattern; 
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the ideal calculated pattern is shown in figure 3.1. 
The framework structure of ZSM-5 was first reported 
by Kokotailo et a] (4). The MFI framework can be 
considered in terms of one of Meier's secondary building 
units, the '5-i' (fig. 3.2). The '5-1' unit can be used to 
generate the configuration of tetrahedra shown in 
figure 3.3. This building unit contains eight 
five-membered rings. These units can then be joined 
through the edges to form chains as shown in figure 3.4. 
The chains are then connected to form sheets (fig. 3.5), 
which upon further linking generate a three dimensional 
framework as shown by the computer generated stereographic 
drawings in 
figure 3.6 (after Meier and Olson). 
Olson et al (5) have also shown that the chains in 
figure 3.4 can be generated from the secondary building 
unit, made up of twelve tetrahedral atoms (figure 3.7) by 
applying a two-fold screw axis operation. It seems easier 
to picture the framework composed of these twelve-atom 
units as it can clearly be seen that they are generated by 
the joining of two 5-1' units (joins are formed between 
atoms 8 and 2, 5 and 11). It is because ZSM-5 contains a 
large number of 5 T-atom rings that it and related 
materials have been called pentasils. 
While figure 3.6 shows the positions of the framework 
elements it is still difficult to picture the channels 
within the zeolite. It is much easier to represent the 
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Figure 3.1 
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Stereographic Representations of the MFI Molecular Sieve 
Framework 
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Figure 3.8 
Representation of the Channel System in NFl Molecular 
Sieve Frameworks. 
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zeolite as composed of a series of hollow tubes as is 
shown in figure 3.8. It can be seen that the MFI framework 
contains two intersecting channel systems. The straight 
channels run parallel to the b axis and are defined by a 
pore opening of ten 'T-atoms', giving a free diameter of 
530 * 550pm. The zig-zag (or sinusoidal) channels run 
parallel to the a-plane and have a pore opening of 510 * 
550 pm. 
ZSM-5 can be crystallised from a wide range of 
reaction mixture compositions and under many different 
conditions. Each reaction parameter can affect the 
morphology and the crystal size of the product (6,7.8). 
Derouane et a] consider that the important variables 
involved are the pH, the organic template, stirring of the 
reaction mixture and even the type of reaction vessel used 
 
Obviously the sources of both the aluminium and the 
silicon can be important. Chen et a] showed that using 
sodium silicate (water-glass) and aluminium' sulphate to 
crystallise ZSM-5 allowed the product to crystallise 
approximately six times faster than in the original patent 
 
As discussed in chapter one, the pH must be 
relatively high for a number of reasons. The pH has, 
however, been seen to change during reaction, making its 
role difficult to identify (ii). During the induction 
period the amount of silica in solution is controlled by 
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the alkalinity of the mixture; this does not change until 
crystal growth begins. As the crystals begin to grow at 
the expense of the amorphous gel, the pH generally falls 
due to incorporation of base molecules into the framework. 
This is true both for organic and inorganic bases and 
though the magnitude of the effect will vary it but will 
always be relatively small. As crystallisation. proceeds, 
incorporation of SiO2 into the framework gives rise to an 
increase in the 
free base/silica ratio for the remaining reaction 
mixture and consequently an increase in pH. This larger 
increase is often taken as diagnostic of crystallisation 
of the gel. For wholly organic systems this pH rise can be 
attributed to the in situ generation of base on solubility 
transfer. Most of the early syntheses involved the use of 
sodium hydroxide to control the pH of the gel. Typically 
the pH of the reaction gel was adjusted by the addition of 
sodium hydroxide to a value between pH 10 and 11. The 
crystalline product formed in sodium systems must then be 
ion exchanged (the occluded, charge balancing Na must be 
replaced) as it is the hydrogen form which is reactive in 
most catalytic processes (12) 
Bibby first reported the synthesis of ZSM-5 materials 
without alkali metal cations in 1980 (13) . In place of Na 
he used NH4 . Calcination of the product gives the H 4 form 
directly. The crystallisation was found to be much slower 
and Bibby concluded that trace Na ions catalysed the 
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reaction. 
Aiello et a] found the role of the inorganic cation 
was of extreme importance and conclude that: 
'Silico-aluminate systems containing only 
tetraprcpylammc'nium cations in the absence of 
inorganic cations do not allow the growth of 
ZSM-5 (14). 
Within the ZSM-5 series it is possible to alter the 
amount of aluminium in the framework, both the source of 
aluminium and its concentration in the reaction mixture 
being very important. The exact effect that the aluminium 
source has is, however, not easily interpreted. The 
situation is further confused as the MFI framework 
topology can be synthesised in the absence of aluminium as 
the pure silica molecular sieve, silicalite (15). 
Silicalite has been shown to have the same framework 
topology as the aluminous ZSM-5 forms. The framework 
usually contains small amounts of aluminium, from 
impurities in reactants and these have yielded further 
information about the different framework environments 
that exist in the crystals (16) 
Much work has been done to elucidate the role of the 
organic template molecule. A single crystal refinement of 
ZSM-5 with TPA as the template showed that the TPA ion is 
located in the intersection of a straight and a zig-zag 
channel (fig. 3.9)(17). It was hypothesised that the role 
of the TPA is in allowing both channel systems to grow 
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Figure 3.9 
Molecular Structure of the TPA ion inside the MFI 
Molecular Sieve Framework- 
- Chao, K., Lin, J., Wang, Y, and Lee, G.H. 
Zeolites, 6, 35 (1986) 
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simultaneously. 
Other templating molecules have, however, been used 
to synthesise ZSM-5. Araya and Lowe concluded that TPA did 
indeed have a structure directing role. In contrast, 
piperazirie and hexane-1.6-diol were only hydrophobic void 
fillers and hexane-1,6-diamine showed a combination of the 
two roles (18) . Kulkarni showed that the rate of 
crystallisation could be affected by the organic template 
used (19) and Huang reports (20) that in using 
tetraalkylarnmonium cations as the template, tetrapropyl-
is the most effective, tetrabutylethyl- giving 
silicalite-2, a material first reported by Bibby (21) 
Gabelica pictures the role of the organic cation 
mainly as a void filler (22) . On this basis TPA is found 
to be most effective as it can occupy all the available 
space. Romannikov et a] found that the crystallisation 
rate, morphology and size of crystals all depended on the 
TPA concentration (23). 
A definitive statement on the role of the template 
is, however, still not possible as ZSM-5 can now be 
synthesised from organic-free reaction mixtures (2) 
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3.2 Reaction Compositions 
3.2.1 ZSM-5 With a Range of Aluminium Contents 
To synthesise a series of ZSM-5 samples with a range 
of different amounts of aluminium in the framework there 
are three major considerations: 
The reaction conditions 
(temperature, reaction vessel and stirring) 
Template 
Sources of aluminium and silicon 
As the aim of this work was to determine the 
properties influenced by framework constituents it was 
desirable to have as many factors common to all prepared 
materials as possible. To elucidate the effect of the 
aluminium, it was decided that all samples should be used 
in their H form. In order to avoid the need for ion 
exchange before use it was decided to synthesise the 
materials from completely organic reaction mixtures. On an 
industrial scale there are good reasons for using 
inorganic reactions, videlicit: 
Organic compounds are more expensive 
(5096 of total production cost is in organic 
template) 
Organics can be corrosive and poisonous. 
Calcination is required before the precursor can 
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The reaction mixture was the same for H -4- --si.licalite, 
except that no aluminium was added and only ten moles of 
piperazine were used. The reaction gels were prepared in 
the following manner: 
The aluminium sulphate 15.7 hydrate (Hopkin and 
Williams Ltd. Analar grade. :>9896) was dissolved 
with mild heating in a little of the total 
water. The water content of the aluminium 
sulphate was previously determined by thermal 
analysis. 
The silica (fumed silica, BDH Cab-O-Sil M5) was 
slurried with a little more of the water. 
The aluminium solution was then added to the 
silica slurry and blended thoroughly using an 
electric blender. In this way an even dispersion 
-of aluminium was achieved. 
The piperazine (piperazine hexahydrate, Fluka 
Purum grade) and the tetraprcpylamrnonium bromide 
(Fluka Purum grade) were dissolved in the 
remaining water. 
The solution of the two organics was then added 
to the aluminium/silica slurry and blended 
vigorously for five minutes. 
The mixture was transferred to the autoclave and 
left to react at 150C with a stirring speed of 
300rpm. 
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The autoclave was regularly sampled until the 
product was found to be fully crystalline by 
X-ray diffraction, optical microscopy on a 
Vickers model M41 photoplan optical microscope 
and visual observation of the sampled material. 
The product was then filtered and washed with at 
least two litres of distilled water while on the 
filter. It was then dried in air at 120C. 
3.2.2 Alkali and Alkaline Earth Metal Silicalites 
To study the effect of charge balancing cations on 
the sorption properties of molecular sieves there are two 
possible approaches to the synthesis of the materials to 
be studied: 
(a) An aluminous sample could be prepared with a 
fixed Si/Al ratio. The exchangeable cations 
could then be replaced with the desired cation. 
A more direct method, the synthesis of the 
framework in the presence of the different 
cations would lead' to complications. For 
example, it would be extremely difficult to 
ensure that the frameworks would all have the 
same aluminium content as the different cations 
would exert different influences on the 
synthesis gel. 
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(b) Where the amount of aluminium could not be 
altered by the cations, i.e. in silicalite, then 
direct synthesis would avoid the need for ion 
exchange. The major drawback with this method is 
that only small amounts of cations would be 
occluded, as they are not necessary for charge 
compensation. This method was selected as the 
direct synthesis of silicalite using various 
inorganic cations has not been extensively 
studied by other workers. 
Although the synthesis of silicalite with alkali 
cations other than sodium has not been reported, the 
influence of alkali cations on the crystallisation of 
ZSM-5 has been studied by several groups. The role of Na, 
K and Li cations in the crystallisation of 7SM-5 from 
wholly inorganic systems has been dé..scribed by Bellussi et 
al (.29) . They 'found that they could synthesise ZSM-5 using 
sodium or potassium but not using lithium alone. Erdem and 
Sand (30) also showed that ZSM-5 could be synthesised 
using potassium in the presence of TPA. Nastro and Aiello 
have prepared ZSM-5 from alkali metal-TPA systems using 
sodium, potassium and caesium (31) . They claim that sodium 
gives the fastest nucleation time while potassium gives 
the best crystallisation rate. Aiello et a] have attempted 
to describe the role of both the organic template and 
inorganic ions in the crystallisation of ZSM-5 (14). 
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They conclude that the role played by the inorganic cation 
depends upon the presence of the TPA; when there is no TPA 
present it is difficult to crystallise ZSM-5. At present 
there is a great deal of interest in the synthesis of the 
MFI framework from wholly inorganic and wholly organic 
system, the hope being that the exact role of each species 
may be determined. Workers at Union Carbide have also 
synthesised inorganic' ZSM-5 using barium hydroxide (32). 
All of the metal silicalites in this study were 
synthesised from the following gel compositions: 
0.5M2 0: 2TPABr: 20S10 2 : 1000H 20 
where M = Na, K, Cs and: 
BaO: 2TPABr: 203i0 2 : 1000H 20 
This ensured that for all the reaction mixtures the 
inorganic cation/silicon ratio was the same. 
The reaction gels were prepared by first slurrying 
the silica (fumed, BDH Cab—o—Sil M5) with a little of the 
total water. A solution of tetrapropylammonium bromide 
(Fluka Purum grade) was then added with vigorous mixing 
using an electric blender. The inorganic hydroxide (NaOH 
May and Baker, Reagent grade; KOH, May and Baker, Reagent 
grade; CsQH. Fluka, Analar; Ba(OH)2, BDH, Analar) was then 
dissolved in the remaining water and blended with the 
other reagents. 
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It was found that barium hydroxide did not form a 
clear solution. This was attributed to the presence of 
insoluble BaCO3 . To remove this impurity the barium 
hydroxide was vigorously boiled for approximately two 
hours. During this boiling the BaCO 3 agglomerated into 
larger particles which were separated by filtration. It 
was found that approximately 8% by weight of barium 
hydroxide was collected on the filter (weighed after 
drying at 150C). The amount of barium hydroxide was 
therefore increased so that the final solution of barium 
hydroxide used in the synthesis reaction satisfied the 
stoichiometric requirements of the gel. 
3,3 Characterisation of MFI-Type Zeolites 
During the crystallisation of zeolites, the reaction 
gel typically changes from an initial emulsion-like 
phase to two distinct phases (normally one solid, composed 
of white particles and the other a clear liquid). This 
phase separation gives a quick but crude method by which 
the progress of crystallisation can be estimated (33) 
Much more accurate methods of monitoring the 
crystallisation and the subsequent characterisation of the 
products are available. 
3.3.1 pH Measurements 
For the six samples prepared for the study of the 
effect of aluminium on the sorption properties 
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(Si/Al=30,45.60,90.120 and silicalite), it was found that 
the initial pH of the gel varied with the concentration of 
aluminium (fig.3.11) . Though not a perfect fit to a 
straight line, it seems that there is a direct 
relationship between aluminium added and p1 -I. The 
rationalisation of this is very simple, as aluminium 
sulphate was found to be acidic in solution. The 
difference in pH among the gels was, however, very small 
(0.161 pH units) and it was not deemed necessary to adjust 
VuQ.- 
the pH values to some constants. It was thought more useful 
to keep values such as the piperazine/silicon ratio 
constant in order that the mixes would be as similar as 
possible. It is obvious why the reaction mixture for 
silicalite was prepared with less piperazine, if the same 
concentration of piperazine had been used then this would 
have made the difference in pH much more marked. 
As the reactions were sampled during the 
crystallisation it was possible to measure how the pH 
varied. 
In all six reactions the pH was found to decrease. 
The difference between the initial and final pH has been 
plotted as a function of aluminium content (fig.3.12). The 
change in pH is calculated as: final pH—initial pH. 
In general it can be seen that as the amount of 
aluminium increases, then the pH change becomes more 
negative. It has been reported that a similar change in pH 
during crystallisation is characteristic of a reaction 
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Figure 3. 11 
Inital Gel pH as a Function of Aluminium Content Per Unit 
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Decrease in pH during the crystallisation of ZSM-5 as a 
function of Aluminium Content Per Unit Cell of the 
Crystalline Product. 
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dominated by base removal (34) . As the aluminium in 
solution becomes framework aluminium then base must also 
be removed from solution to act as the charge balancing 
species. In these examples, the base may be either the 
piperazine or the tetrapropylarnmonium cation. 
A similar decrease in pH for the silicalite samples 
containing inorganic cations (sodium, potassium and 
caesium) was observed, the barium-si.licalite reaction gel 
was extremely thick and its pH could not be determined. 
The differences observed were as follows: 
piperazine-silicalite 0.148 pH units 
sodium-silicalite 	1.020 pH units 
potassium-silicalite 	0.352 pH units 
caesium-silicalite 	0.356 pH units. 
It is known that these pH changes cannot be solely 
attributed to the inclusion of the inorganic cation in the 
framework. The expected cation concentrations are very low 
as there is no requirement for charge balancing, in these 
samples the main effect must be due to the organic 
template. 
3.3.2 X-ray Powder Diffraction 
X-ray powder diffraction is an extremely powerful 
technique for the identification of zeolitic phases. The 
number of phases, the identity of each, the degree of 
crystallinity and even the amorphous content can all be 
measured. The characteristic powder pattern for MFI 
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framework types was shown in figure 3.1. 
X-ray powder diffraction of samples taken during a 
reaction allow the crystal growth to be followed.As an 
example. figure 3.13 shows the progression of X-ray 
patterns during the crystallisation of ZSM-5 with 
Si/Al=90. At t=0 when the reagents were first mixed only a 
broad amorphous hump is visible. This is characteristic of 
the case where no crystalline phases are present. As the 
crystals start to grow there is a concurrent increase in 
intensity of the peaks due to the zeolitic phase and a 
decrease in the area of the amorphous hump as amorphous 
material is transformed into crystalline phase. After 
eight hours the first features are distinguishable. The 
two peaks at 7.9 and 8.8-28 are the reflections due to a 
combination from the [1011 and [0111 planes and the [200] 
and (0201 planes respectively. The large peak at 2329 is 
that due to the [501] plane, which is normally the 
strongest reflection in the X-ray powder pattern. 
After seventeen hours the base line, which can be 
used as a measure of the amorphous content, is much 
flatter, many more reflections are visible, and those 
already identified are much more intense. By twenty hours 
the crystallisation is essentially complete, though some 
of the less intense peaks are not yet well-defined. By 
twenty-nine hours the baseline appears completely flat. 
Finally at forty-one hours the pattern has not changed and 
the crystallisation was deemed to be complete. 
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Figure 3.13 
Series of X-ray powder patterns showing the 
crystallisation of ZSM-5 (Si/A190) 
Oh 
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While a visual comparison between the experimental 
pattern and the literature pattern is often sufficient to 
identify the major phase, it is usually necessary to 
measure the peak positions and intensities. From this data 
the presence of any extra peaks indicates the presence of 
a second phase. Very small differences have been used to 
distinguish between the orthorhombic and monoclinic forms 
of the MFI framework (35) 
Once it had been established that pure ZSM-5 or 
silicalite were fully crystallised, the X-ray data can be 
used to construct crystallisation graphs. In this work the 
relative intensities of six peaks were measured 
(reflections from the [1011,1011] pair, the [0201,12001 
pair, the [501], the [051], the [151] and the [3031 
planes; corresponding to 29=7.92. 7.94, 8.87, 23.10, 
23.26, 23.68 and 23.91, respectively). The heights of the 
peaks at each value of 29 were measured and it was assumed 
that the largest value corresponded to 10096 crystallinity. 
The crystallinities for all other reaction times were then 
scaled to this. This was repeated for each value of 29 and 
then the crystallinity of each sample was taken as the 
average of the results for the six peaks. It was found 
that in some instances that no one sample contained all 
the largest peaks, this averaging method should therefore 
produce a more relaible measure of the crystallinity. 
Figure 3.14 shows the crystallisation curves for the 
five aluminous ZSM-5 samples and the 
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Figure 3.14 
Crystallinity as a Function of Synthesis Time for the 
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piperazine—silacalite. There are a number of points worth 
noting: 
As the amount of aluminium in the reaction gel 
increases, the induction period before the 
crystals grow also increases. This could be 
caused by the difference in initial pH of the 
gel. Equally it could demonstrate that the 
nucleation processes are retarded by the 
presence of aluminium in the gel. 
The crystallisation of ZSM-5 with Si/Al=45 
appears to follow a two stage crystallisation. 
After a shorter induction period of around ten 
hours there is rapid crystal growth until about 
3096 crystallinity is achieved. There is then a 
long period of about twenty hours when the 
crystallinity does not change. It may be that at 
this stage there is an equilibrium between the 
concentrations of reactants in the gel and those 
in the framework i.e. the framework dissolves as 
fast as it crystallises. Alternatively some type 
of hydration shell may form around the small 
crystallites preventing further growth and 
nucleation. It should be noted that this crystal 
growth curve was reproducible with an accuracy 
of around three hours. 
In the cases where there is only a small amount 
of aluminium then the growth curves are 
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essentially indistinguishable, for clarity only 
one line has been drawn on the graph. It appears 
from this that the aluminium concentration is 
too low to have any significant effect on the 
nucleation and growth rate. 
4. For all the reaction mixtures other than that 
with Si/Al=45, once crystallisation begins the 
process is extremely fast taking less than ten 
hours to produce a fully crystalline material. 
Figure 3.15 shows the corresponding growth curves for 
the silicalite samples prepared with different cations. 
There is a large variation between these crystallisations. 
The sodium and potassium forms crystallise very rapidly, 
normally within twelve hours. Potassium appears to be as 
effective as sodium, indeed the crystallisation is 
possibly slightly faster. 
The completely organic system using piperazine as the 
base is different to the sodium and potassium systems in 
that there appears to be a longer induction period of 
about six hours, and once crystallisation begins the 
crystals also grow more slowly. Caesium and barium are 
obviously less effective as the base source since the 
crystallisation takes five times as long compared with 
sodium. Barium in particular shows that even after the 
induction period, i.e. the nucleation or pre-nucleation 
stage, the rate of crystal growth is very slow. After 
approximately forty hours the rate of crystallisation 
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Figure 3. 15 
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begins to increase, but the exact origin of the effect is 
difficult to determine. 
It has been reported that the aluminium content of 
MFI-type molecular sieves can be determned by X-ray 
diffraction (36.37). Incorporation of aluminium into a 
site originally containing silicon causes a slight 
increase in the bond dngle which is manifested in the 
change in spacing of the [10,0.0) and the [0,10,0) 
reflections (about 45.0 and 45.220 respectively) . This 
change has been measured for a series of 
aluminium-containing samples by Bibby (36) who showed a 
straight line relationship between aluminium content and 
the spacing of these two reflections, and while Pollack 
(37) disagrees with the mathematical expression for this 
line he agrees in principle with the findings. The X-ray 
patterns for the series of alurninous ZSM-5 samples and 
piperazine-silicalite in this study are shown'in 
figure 3.16. These X-ray patterns were measured for 
calcined samples of each of the ZSM-5 materials. Careful 
measurements of these peaks allowed a similar diagram to 
those in the literature to be constructed (fig. 3.17). 
It can be seen from this that for these samples there 
is no significant correlation between the peak separation 
and Al/Si and it appears that this technique is of little 
value here. There are a number of possible reasons for 
this; aluminium zoning as discussed later; the quality of 
the X-ray patterns may not be sufficiently good for very 
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Figure 3.16 
Comparison of the X-ray Powder Patterns Between 44 and 46 
2theta for the crystallisation of ZSM-5 and H-silicalite. 
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accurate work; or the possibility of co-existence of 
orthorhombic and monoclinic phases. 
3.3.3 Compositional Analysis 
The bulk analysis of each sample was measured using 
atomic absorption spectroscopy and inductively coupled 
plasma atomic emission spectroscopy, courtesy of ICI 
Chemicals and Polymers Ltd. 
For the ZSM-5 samples it was found that there was 
less than 0.00396 sodium by weight. This represents less 
than 0.015 moles of sodium per unit cell, and justifies 
the claim that these were synthesised from systems that 
were essentially free of sodium ions. The comparison 
between the Si/Al ratio in the reaction gel and that found 
in the product is shown below: 
Si/Al ratio (gel) 	 Si/Al ratio (product) 
	
30.00 	 30.02 
45.00 	 45.13 
60.00 	 59.73 
90.00 	 90.69 
120.00 	 121.40 
It can be seen from these figures that the use of 
aluminium sulphate in an organic reaction mixture is a 
very effective method for the synthesis of ZSM-5 with 
varying aluminium content. There is no systematic trend in 
the difference between gel and product ratios as found 
when inorganic bases are used. 
153 
The results for the analysis of the different 
silicalites are shown in table 3.1. There are four points 
worth noting: 
In all cases there is less than one inorganic 
cation per unit cell 
Silicalite shows a preference for the cations 
which increases from sodium (0.352 per unit 
cell) to barium (0.696 per unit cell) 
(C) The aluminium content of all the samples is 
extremely low. The minimum Si/Al ratio is 1200, 
but as the actual amount of aluminium is on the 
limits of detection this figure is likely to be 
much higher. It is most likely that the 
aluminium impurity comes from the silica source. 
(d) The sodium contents are also very low. 
3.3.4 SEM Results 
Plates 1,2 and 3 show the scanning electron 
micrographs of the typical crystal morphology. The two 
most aluminous samples show no twin crystals while the 
less alurninous forms all show evidence of twinning. The 
shape of the crystals also varies depending upon the 
aluminium content. From this is would appear that the 




Compositional Analysis of 	Silicalite Samples 
% BY WEIGHT 
BASE Si Al Na 	K Cs Ba 
Piperazine 40.3 <0.03 <0.003 	0 0 0 
Sodium 40.0 <0.03 0.120 	0 0 0 
Potassium 38.2 <0.03 0.009 	0.21 0 0 
Caesium 37.4 <0.03 <0.003 	0 0.79 0 
Barium 38.1 <0.03 0.004 	0 0 1.35 
Moles Per Unit Cell 	(96Si02) 
Piperazine 96 <0.080 <0.009 
Sodium 96 <0.080 0.352 
Potassium 96 <0.080 0.028 	0.379 
Caesium 96 <0.080 <0.009 	 0.429 
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Closer examination of the Sa/A1=30 SEN shows that there 
are apparantly at least two sizes of crystals. the largest 
crystals will have nucleated first, with perhaps another 
crop of crystals from a second nucleation. The more 
siliceous samples show larger crystals with obvious 
twinning. This suggests that there is little problem with 
nucleation, the growing crystals can allow nucleation on 
their surfaces. In all cases there is little evidence of 
amorphous material, even in the Si/Al=30 system all of the 
smaller fragments appear crystalline. 
Plates 4 and 5 show the SEN micrographs for the 
silicalites containing different cations. The morphologies 
here are quite varied, ranging from elongated crystals for 
the Ba 2 sample to the more usual lozenge shaped 
morphology for the K and Nasamples. In all cases there 
is little evidence for secondary crystal growth (or 
twinning) on the crystal surface. The elongated shape of 
the Ba 2 crystals suggests that this reaction composition 
is more difficult to crystallise and crystal growth occurs 
more readily than nucleation. 
3.3.5 Thermal Analysis 
During the crystallisation of MFI-type molecular 
sieves using tetrapropylammc'nium bromide as the templating 
molecule, the template is trapped within the pores of the 
zeolite. These template molecules are located at the 
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limbs aligned along the channels. There are four such 
intersections per unit cell. These molecules are too large 
to be exchangeable, using the terminology of Liebau. MFI 
type frameworks are clathrasils with respect to the 
tetrapropy 1 arnmonium cation (38) 
While the template is held within the zeolite, the 
channels cannot be accessed by other molecules. In this 
state the materials have often been called zeolite 
precursors as removal of th e template allows zeolitic 
properties to he demonstrated. With the TPA cation, 
template removal can only be effected by oxidative 
degradation. 
Thermal analysis of these precursor species can 
however yield a variety of information, both on the 
crystallisation mechanism and on the nature of the final 
product. Thermal analysis can also be used to determine an 
effective temperature for calcination. 
Bibby and his co-workers (39) showed that the thermal 
degradation of the tetrapropylammonium template species 
under flowing N2 proceeds by a Hoffmann degradation 
reaction followed by a beta-elimination, but there has 
been little published on the oxidative degradation used in 
the present investigation. 
The templating role of TPA ions in various hydrogel 
precursors to crystalline ZSM-5 has been studied by 
(3abelica et a] (40) . They claim to have discerned three 
TPA-gel associations, crystalline (TPAOH) or (TPABr)rt 
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clusters, monomers of these species in direct association 
with the gel and labile TPA-water clathrates directly 
associated with the gel. 
It has been shown that prcpylammonium species are 
important in the stabilisation of the MFI structure (41) 
It is also reported that the organic species itself is 
stabilised by inclusion within the framework. For example 
Kotasthane and Shiralker (42) showed that 
tetraalkylammonium species decompose in air between 180 
and 200C while similar species inside a ZSM-5 framework 
decomposed between 400 and 500C. They also report that 
differential thermal analysis in air revealed two distinct 
exotherms, corresponding to two different environments 
within the framework. This was confirmed by Nastro et al 
(43), who studied a series of ZSIVI-5 samples with different 
Si/Al ratios. They deduced different interactions 
depending upon the aluminium content. 
The present picture is that the decomposition of the 
tetraprcpylammonium cations in air is a complex exothermic 
process. Most workers agree that the decomposition is 
influehced by the amount of aluminium in the framework 
(44) . It is also agreed that there are at least two 
different environments for the TPA cation, those 
associated with an aluminium site being more stabilised. 
However, the relative proportions of these two species in 
representative samples of ZSM-5 have not been reported. 
In this work samples of each of the prepared zeolites 
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were analysed using a simultaneous TG—DTA system. A 
typical set of thermal analysis traces is shown in 
figure 3.18. 
The therrncgravimetric trace shows very little weight 
loss up to about 400'C. Thereafter there is a rapid weight 
loss, the maximum rate of loss can be seen by observing 
the differential thermogravimetric trace. The weight loss 
is associated with two distinct exotherms, the lower 
temperature excitherm (approximately 440C) was often found 
to be split. 
The main features of the complete thermal analysis 
trace were found to be constant for ZSM-5 samples and the 
piperazine—silicalite except that with the silicalite 
there only appeared to be one exc'therm (though it also 
showed splitting). Because of the absence of the higher 
temperature exotherm a more detailed examination of the 
differential thermal analysis traces was carried out. 
The splitting in the lower temperature exotherm has 
been discussed by Franklin and Lowe (45), who concluded 
that it was due to oxygen starvation during the combustion 
of the organics. They found that slower heating rates, 
smaller samples or increased air flow prevented the 
splitting. As they were dealing with silicalite samples, 
the two different environments for the organic template 
proposed by other workers were not seen. On this basis 
therefore the lower temperature split exotherm will be 
considered as a single process. 
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Figure 3. 18 





















Plotting the six differential thermal analysis traces 
for the six materials (ZSM-5 Si/Al=30.45,60,90,120 and 
piperazine—silicalite) reveals another interesting feature 
(fig. :3.19). As the amount of aluminium in the framework 
increases, the position of the largest (low temperature) 
exotherm also increases in temperature from 397°C for the 
silicalite sample to 448°C for the most aluminous sample. 
The explanation for this is based on the total framework 
charge of the zeolite. As more aluminium species, each 
carrying a formal negative charge, are introduced into the 
framework then the overall framework charge also 
increases. The charge balancing organic cation will then 
be more stabilised by interaction with the framework. If 
this explanation is correct then there should be a direct 
relationship between the aluminium content and the 
exotherm peak temperature. Taking the peak temperature as 
the mid—point of the split peak. figure 3.20 was 
constructed. The straight line relationship demonstrates a 
clear correlation between the peak temperature and the 
framework aluminium content. 
Figure 3.19 also shows the change in the higher 
temperature exotherm with change in aluminium content. For 
silicalite, where it is known that there is very little 
aluminium the DTA trace is almost flat. As the amount of 
aluminium is increased the peak is seen to move slightly 
to lower temperature. If this exotherm is due to TPA 
cations which are closely associated with an aluminium 
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Figure 3.19 
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charge centre rather than simply feeling the overall 
framework charge, then the change in shape is easily 
understood. In silicalite it is not possible for the TPA 
cation to be associated with an aluminium centre. As the 
aluminium concentration increases there is a greater 
probability of the cation being more closely bound to a 
charge centre. 
By using the DTA and TGA results together, it was 
possible to proportion the total amount of 
tetrapropylammoniurn cations between the low temperature. 
framework-charge dependent site and the high temperature, 
aluminium-centred sites (fig. 3.21). It can be seen that 
the total number of TPA units per unit cell of zeolite is 
almost constant for the aluminous samples. It was not 
possible to differentiate between the two forms for the 
Si/Al=30 ZSM-5 sample as the DTA showed a single exotherm. 
The total amount of TPA in the framework is apparently 
higher than the theoretical maximum of four TPA per unit 
cell. This problem was identified by Franklin and Lowe 
(45) who concluded that the piperazine may be occluded in 
preference to the TPA. As piperazine is a smaller molecule 
than the TPA more organic charge balancing cations could 
occupy a unit cell. This would allow for the easier 
formation of more aluminous products and account for the 
apparent excess of template observed. 
The TPA was however found to be decisively split 
between the high temperature and low temperature 
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Figure 3.21 
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forms, both showing the dependence on the aluminium 
content. As more alurninous frameworks are prepared there 
appears to be a transition between the two forms. 
Simplistically, as more aluminium is present there is a 
greater chance of the TPA being closely associated with 
the charge centre. 
From the differential thermal analysis it is 
possible, in principle, to determine the energy associated 
with each thermal event from the area under the curve. To 
do this conclusively it is normally necessary to calibrate 
the apparatus using thermal events whose energy changes 
are well known. For a series of samples, however, it 
should be possible to deduce the relative energy changes. 
To obtain a measure of the relative proportions of 
the peak areas, the graphs were expanded to a large scale 
and the peak shapes were cut out and weighed. The DTA 
curves were divided into the two areas previously 
designated (high and low temperature areas). Figure 3.22 
is a plot showing the DTA area per unit weight loss 
against the aluminium content in the zeolite. Even by 
employing this simplistic technique an excellent 
correlation is obvious. 
As the amount of aluminium increases then the energy 
associated with the combustion of the high temperature TPA 
(which was considered to be specifically associated with 
aluminium sites) appears to decrease. This may suggest 
that initially the aluminium stabilises TPA (as seen from 
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Figure 3.22 
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figure 3.20) but once the TPA starts decomposing the 
aluminium (or associated H) catalyses the reaction, and 
may lead to the organic being lost as different species. 
Conversely, the energy associated with the combustion of 
the lower temperature TPA appears to be independent of the 
aluminium content. 
Gabelica and co-workers (46) report the use of 
thermal analysis to study the crystallisation of ZSM-5 and 
claim to demonstrate the existence of an aluminium 
gradient in the crystals. In another paper Gabelica et al 
also show that for large ZSN-5 crystals (larger than five 
microns) a silica rich core (Si/Al=95) was formed with a 
more aluminous rim (Si/Al15) (47,48) . Other workers have 
also reported that the surface Si/Al ratio is very 
different from the bulk Si/Al ratio (49,50). Where small 
crystals are used, the effect does not appear to be as 
marked (51,52). Lin and Chao, however, report that the 
situation is even more complex, and that in the same batch 
of product the Si/Al ratio of each crystal may be 
different (53) . Jacobs and Martens discuss the different 
types of zoning and relate this to the nucleation 
mechanism (54) 
If there is aluminium zoning in the series of ZSM-5 
samples it is difficult to account for the near linear 
dependence of The properties measured by thermal analysis, 
any zoning of this type would not be expected to vary 
linearly with aluminium content but would be a more random 
process. von Bailmoos and Meier also report that zoning in 
highly aluminous ZSM-5 materials leads to broad peaks in 
the X—ray powder pattern due to inhomogeneous distribution 
of aluminium (55) . This was not observed for the series of 
materials used in the present work. Meier concludes that 
zoning only occurs for crystals larger than about fifty 
microns. The crystals used here were much smaller than 
this and it therefore seems unlikely that significant 
aluminium zoning has occurred. 
On the basis of the thermal analysis it was decided 
to prepare the molecular sieves by calcination overnight 
(approximately 16 hours) at 550C followed by a further 
one hour at 800'C to ensure the complete degradation of 
any piperazine also occluded. It was found that 
calcination at the lower temperature left the samples with 
a grey hue, the higher temperature yielded a pure white 
sample. 
Samples of all the calcined products were then 
equilibrated over saturated sodium chloride. The water 
content could then be determined for each sample by 
thermal analysis. 
Interpretation of the thermal analysis results for 
calcined materials is much simpler than for the uncalcined 
ones as all the weight loss is attributable to water. A 
typical thermal analysis trace for a ZSM-5 sample calcined 
and then equilibrated over saturated sodium chloride is 
shown in figure 3.23. When the water content of the 
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Figure 3.23 
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samples is plotted against the Al/Si ratio it is again 
found that there is a good linear correlation (fig. 3.24). 
As expected. silicalite being only composed of neutral 
framework elements is hydrophobic (water content 2.36 96) 
As the amount of framework charge increases then the 
product becomes more hydrophilic (water content for 
Si/A1=30 7.51 06) 
The thermal analysis for the series of inorganic 
cation silicalites is more straightforward as there is no 
aluminium in the framework and the traces are shown as 
figures 3.25-3.28. The main exotherm was also seen to be 
split, the separation being largest for the sodium sample 
(13C) and smallest for barium and caesium where the 
second peak was essentially a shoulder. 
From the thermogravirnetric analysis it was possible 
to calculate the number of TPA cations per unit cell and 
this together with the peak temperature(s) for the 
exotherms is shown in table 3.2. It can be seen that there 
is a correlation between the change in pH during 
crystallisation and the concentration of TPA in the unit 
cell 
From the position of the exothermic peak. TPA 
occluded inside the barium-silicalite is apparently much 
more stable than in any of the other silicalites. There is 
no obvious explanation for this as no apparent difference 
is noticed amongst the other samples. If the barium 
induced a large number of framework defects then it may be 
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Figure 3.24 
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Charge Carriers. pH Changes 
and DTA Peak Temperatures for Silicalrites 
Unit Cell Composition 
Base Change Exotherm TPA:-' Total 
in pH peak T' cationsd charge 
PIPZ -0.148 395 & 400 :3.63 0.00 3.63 
Na -1.02 388 & 401 4.15 0.35 4.50 
-0.352 400 (sh.*)Ql 4.13 0.38 4.51 
Cs -0.279 397 (sh) 3.97 0.43 4:40 
Ba2 -f 417 (sh) 2.82 0.70 4.22 
Final pH - initial pH 
b temperature in 'C 
. Molecules of TPA - per unit cell, calculated from 
thermal analysis 
d Determined courtesy of ICI Chemicals and Polymers, 
using ICP.AES and AAS, does not include H 
Number of charge carriers per unit cell 
Not determined 
g Shoulder also present 
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that each TPA cation is closely associated with a number 
of such sites. If this were the case however it would be 
expected that the barium-silicalite would be a much more 
hydrophilic material after calcination. The water content 
for the calcined silicalites are: Na 285%, K 3.41%, Cs 
2.58%. Ba 3.5196, Pipz 2.97%. which shows only marginal 
differences between the hydrophobicity of the materials. 
From the results of both the thermal analysis and the 
bulk analysis it was possible to calculate the contents of 
the unit cells and these are shown in table 3.3 for all 
the MFI-type materials which were used in the isc'piestic 
work. 
After calcination it was possible to measure the 
yield of crystalline product. It was found that for the 
ZSM--5 samples the yields varied over the range 78-82% 
(based on weight of pure silica) and no systematic trend 
was obvious, the values for the pure silicalites were 




Unit Cell Compositions Of MFI Materials. 
ZSM-5 Si/Al=30 
ljricalcirjed 
(Na.:.009, TP4:0) (Si 92.90Al.i0Oig2)3•O2H2O 
Calcined 
(Na<.009. H. 10 )(Si 92 . 9o Al 3 . 1o O192)25.98H20 
ZSM-5 Si/Al=45 
Uncalcined 
(Na0.01. TPA4.01) (SI 9 . g2 Al2.oeOi92)2.1OHO 
Calcined 
(Na0.01. H 2 . 07 )(SI 93 . 92 Al2.oeOi92)19.92H2O 
ZSM-5 Si/Al=60 
Uncalcined 
(Na<0.009, TPA. 2 0) (SI 94 . 2 Al t . e O t92 )O.58H2O 
Calcined 
(Na< 0 .009. H1.6) (S. 4 Al 1 . 0 0192 )15.89H20 
ZSM-5 Si/Al=90 
Uncalcined 
(Na0.01. TPA4.00) (SI 94 . 9 Al 1 . o O ig2 )1.51H2O 
Calcined 




(Na< 0009 . TPA.22)(Si9.22A1o.-7e092)1.3OH20 
Calcined 
(Na<0.009. H0.'8) (Si 	.... A1o.7eC)92)11.4OHzO 
Piperazine—si 1 ical ite 
Uncalcined 
(Na<0.009, TPA 3 . 6 )(Si >9 . 92 A1< o . 06 0192 )1.BOH20 
Calcined 
(Na<0.009) (Si >9 .A1< 008 C) 192 )9.39H2O 
Sodium—si 1 ical ite 
Uncalcined 
(Na0., TPA4.1) (S >9 ,. 92 A1< 0 . 06 O192 )1.1OH2O 
Calcined 
(Na0.3) (Si >g .92 A1 <0 . 06 0 1 9 2 )9.40H20 
Potassium—sil ical ite 
Uncalcined 
(Nao.03, Ko . 37 , TPA4 , 13 )(SI> 9 . g2 A1. o . o8 C) 192 )2.O9H2O 
Calcined 
(Nao.03, K0 .7) (SI >9 . 92 A1.. o . oe C)i92 )11.332O 
:1 
Caesium—si 1 ical ite 
Uncalcined 
(Na< 0 . 00 9, Cs 0 .429. TPP3.97) (Si.9.92 - A1<0.08-0192)4.88H2O 
Calcined 
(Na<0.009. Cs 0 . 429 ) (Si>9.921<0.06O92)8.63H2O 
Barium—sil ical te 
Uricalcined 
(Na<0.01, Ba0.o, TPA262 )(Sa 9 . 92 AL 0 . 08 0 192 )6.53H20 
Calcined 
(Na<0.01. Ba 0 . o )(Si> 9 . 92 A1o.oeOi92)11.84H20 
based on the need for charge balancing of the aluminium 
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CHAPTER FOUR 
SYNTHESIS OF AEL TYPE MOLECULAR SIEVES 
4.1 Introduction 
At present zeclites are the most widely used 
micropc'rous materials, being relatively easily synthesised 
from readily available reagents. Other series of 
microperous molecular sieves are, however, being looked on 
as possible alternatives to zeoiites, being much newer 
discoveries there is still much research to be conducted 
before commercial operations will utilise the range of 
materials now being synthesised. 
The first new series of microporous molecular sieves 
to appear in the literature were the aluminc'phosphates. It 
is obvious that these materials were thought destined to 
replace zeolites for some catalytic processes as the 
catalytic properties of the aluminophosphates and the 
later developed silicoalurninophosphates were emphasised in 
the papers announcing their syntheses (1.2). 
Microperous aluminophcsphates are obtained by a 
hydrothermal synthesis method, similar to that used to 
produce zeolites, the chief difference being the pH of the 
reactant gel. With zeolites the pH is typically high 
(pHlO-pHll), this being necessary to allow the dissolution 
of the silica. With alurninophc'sphates the pH is much lower 
(pH4-pH6) . As the resultant frameworks are found to have 
strictly alternating Al-(--)-P linkages they are 
electroneutral. It is still necessary to include an 
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organic 'template', usually an amine, into the gel, though 
its role would be best described as a void filler. The 
amine is not required as a charge balancing species, but 
it does play a significant role in controlling the pH of 
the gel. As yet there are no reports in the open 
literature about microporous alurninophosphates synthesised 
in the absence of these organic molecules. 
To construct the framework it is necessary to have 
tetrahedral aluminium but in the pH range 3-9 aluminium is 
normally octahedrally co-ordinated. It has been postulated 
that the template molecules stabilise the newly created 
tetrahedral aluminium and shields it from attack by water 
which would lead to the conversion to octahedral aluminium 
(.3). 
The synthesis of the microporous 
silicoaluminophcsphates is carried out in the same manner 
as that of the aluminophosphates. The reaction mixtures 
require an organic basesince, as with the 
aluminciphosphates. its absence leads to the formation of 
amorphous or dense crystalline materials. The pH range 
required for crystallisation is generally higher, mainly 
depending upon the silica source. It is desirable to use 
more alkaline gels as this allows the dissolution of 
colloidal silica. 
The present work is concerned with the materials 
known as AlPO-1I and SAPC)-11. These have the same 
framework structure, AEL. 
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This framework can be constructed from the 6-2 secondary 
building unit shown in figure 4.1. These units are then 
linked into a framework whose stereographic representation 
is shown in figure 4.2. 
The framework contains non-connecting, one 
dimensional channels bound by 6'T-atom' rings and spanned 
by elliptical 10'T-atom' rings with a pore diameter of 
700pm * 410pm (fig. 4.1) (4,5). The effect of such 
elliptical pores on the adsorption of Xe has been reported 
(6). 
The relationship between the three aluminophosphates 
AlPC-5. AlPO-11 and VPI--5 is shown in figure 4.4 (7). 
All three can be considered in terms of sheets of atoms 
which are then stacked on top of each other. The AlPO-11 
framework can be prepared by the systematic removal of one 
set of 4 T-atom rings (described as a reverse sigma 
transformation) from AlPO.4-5 while the VPI-5 framework can 
be made by replacing each 4 T-atom ring in AlPO-5 by two 
4 T-atom rings. 
The channel system may be represented by a series of 
decagonal prisms placed parallel to each other as shown in 
figure 4.5. It can be seen from the hollow tube 
representation that molecules sorbed into these channels 
are not restricted by the length of the unit cell and it 
is possible for a sorbed molecule to traverse more than 
one unit cell length in the c direction (800pm per unit 
cell). Thus large molecules or even linear polymers may he 
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Figure 4.1 
The "6-2" Secondary Building Unit 
Figure 4.2 
Stereographic Representations of the AEL Molecular Sieve 
framework 
Meier, W.M. and Olson. D.H. 




Representation of the 10-ring in AEL Molecular Sieve 
Framework. 
Large circles represent tetrahedral atoms while the 
smaller circles are oxygen atoms 
Figure 4.4 
Framework Projections of the Three Frameworks, AFI, AEL 
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Figure 4.5 
Representation of the channel system in AEL molecular 
sieve framework. 
The channels are defined by a 10—ring aperture as shown 
in figure 4.3. 
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sorbed by such a framework, easily occupying several unit 
cell lengths. 
The stability of AIPOA and SAFO phases has been of 
considerable interest lately. At 30"C AlP0-5 dissolves 
completely in aqueous hydrochloric acid (8) though 
Winiecki has reported that above pH 1.9 the AlPO-11 
structure is stable, and that below this pH it collapses 
to a dense phase (9) . However, other workers report that 
even neutral water can have an effect (10) . They report 
thatwhen immersed in water for twelve hours AlPO-5 
formed the dense phase AlPO-trydimite. They also used 
129Xe-NMR to show that water has a destructive effect on 
the SAPO-37 framework. 
The thermal and hydrothermal stability of SAFO-37 was 
alsO found to be lower than that of SAPO-5 by Briend et a] 
(11) . though they report that both frameworks are stable 
to 1300K. Such thermal stability is important for the 
calcination cf as-synthesised materials. 
AlPO-5 was also found to be easily degraded by 
aqueous salt solutions (12), but before calcination the 
framework was much more resistant to attack. AIP0 4-11 was 
found to be more stable than A1PO4-5 and it seems that 
attack is dependant upon the ease of channel impregnation 
by the salt or water molecules. As much of the drive in 
aiuminc'phosphate research is in the synthesis of large 
pore materials (where attack could be even more rapid) the 
findings on the stability of these framewcirks must be 
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viewed as a major disappointment. 
4.2 Reaction Compositions 
As well as the direct synthesis method of 
incorporating all the framework elements in the synthesis 
gel, SAPOs have also been prepared by silanation of AIPO 4s 
using SiCl (13) . This, however, is not as straightforward 
a method and in this work synthesis from a single gel 
phase has been used. 
Some of the factors which affect the synthesis of 
SAPO-37 have been studied by Derc'uane et a] (14). Of 
relevance to this work is the study of the ageing time. 
They found that the optimum conditions were static ageing 
for forty eight hours at room temperature (circa 25C) 
To eliminate any possibility of spurious results, all 
of the syntheses were carried out using as near identical 
conditions as possible. The reaction compositions were all 
based on the formula: - 
x SiO 2 : Al 2 C):3 : P 20: Di-isoprcpylamine: 40H20 
where x is the only variable in the reaction mixture and 
is used to prepare samples with varying silicon content. 
The di-iscipropylamine (DPA) is the structure directing 
template. This base is the typical template described in 
the original patent by Fianigen et a] for the synthesis of 
AlPO-11 and SAPO-li (15.16). However, the cylindrical 
channels of the AEL framework place few restrictions on 
the template and it can be synthesised with at least seven 
IMMI 
different organic 'templates'. The amount of template used 
was found to be critical to the course of the 
crystallisation by Li et a] (17); their results are 
summarized below: 
DPA/P2O rat lo 	 Product 
rAl 	 S APO- 34 
	
1.5-4.0 	 SAPO-5/SAPO---1 1 /SAPO-34 
1.0-1.5 	 SAPO-11 
0.6-1.0 	 SAPO-11 + dense phase 
<0.6 dense phase 
It was therefore decided to use a template/P 2O ratio 
of 1. To ensure the incorporation of the silicon into the 
framework it is advantageous to add the silicon to the 
phosphorus before the aluminium is added. As the most 
usual source of phosphorus is orthophcsphoric acid this 
can present problems as collOidal silica will not normally 
depolymerise in acidic solution. To overcome this it was 
decided that the silicon source should be 
tetraethcxysilicate [Si(OCH 2CH)4] 
The aluminium source can also be varied, the only 
restriction being that all reagents must he in a reactive 
form. Some sources are therefore mcre useful than others 
and although it meant the introduction of large amounts of 
organic reagents into the gel, it was decided to use 
aluminium tri-iso-propc'xide. 
The order of mixing of the reagents can also be 
important. To eliminate any random effects the gels were 
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prepared in exactly the same manner: 
The orthophosphcric acid (BDH, Analar 85 %) was 
weighed into a 500m1 plastic, screw-top bottle. 
The tetraethcxysilicate (except for the pure 
AlPO-ii) (BDH. Reagent grade) was added to the 
acid by Pasteur pipette and the mixture 
thoroughly shaken. Under these conditions the 
tetraethoxysi.licate is believed to hydrolyse to 
monomeric silicic acid; 
Si(OEt)4 + 2H20 = Si(OH)A + 4EtOH 
this process being catalysed by hydrogen ions. 
Unfortunately further undesirable polymerisation 
of the silicic acid may occur. 
At this stage the reaction mixtures generally 
became very glutinous and hot; they were 
continually shaken until they cooled to ambient 
temperature. 
The mixture was then diluted with the total 
amount of water used and thoroughly mixed. 
The aluminium tri-iso-propoxide (BDH. Laboratory 
grade) was then added. At this stage the 
reaction was vigorous, the temperature rose to 
between 60 and 70C. Shaking was continued until 
the temperature again returned to ambient. 
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The bottle was stoppered and left at 25C for 
twenty-four hours. 
The di-isopropylarnine (Aldrich Ltd. 99+6) was 
then added to the mixture and thoroughly shaken for five 
minutes. 
The reaction was carried out under static 
conditions at 160C in 125rn1 teflon-lined Paar bombs. 
e.. The products were recovered by centrifugation, 
washed well with copious amounts of distilled water and 
were dried in air at ilUC overnight. 
Four samples with varying amounts of silicon were 
prepared ranging from the pure AlPO-11 to SAPO-11 with 
sufficient silicon to replace 7.5% of the framework 
T-atoms. 
4.3 Characterisation 
As the reactions were performed in Parr bombs it was 
not as easy to monitor the crystallisation. In order that 
sampling the reaction to measure its crystallinity should 
not adversely affect the course of the reaction, a series 
of smaller Parr bombs (23ml) with the same reaction 
mixture were used. At specified times these bombs could be 
removed from the oven, cooled and the contents examined. 
It is unlikely that there would be a significant 
difference induced by the reaction vessels, providing the 
vessels were cleaned very carefully between reactions. 
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4.3.1 pH measurements 
It was found that for the reaction composition used 
the pH varied with the amount of tetraethoxysilicate added 
(fig. 4.6) For the three samples with different amounts 
of silica there appears to be a linear relationship. This 
may perhaps be explained by some of the phosphoric acid 
reacting with the silica source to produce silicophosphate 
units. The pH of the pure AIPO 4 -11 reaction mixture 
appears to be well out of line with this. From this graph 
it would seem that even a small amount of Si(OEt)4 has a 
dramatic effect on the system. As the pH of the pure 
AlPO-11 mix is however very close to neutrality small 
changes in H concentration would be expected to show a 
large effect. 
During the course of the crystallisation the pH was 
generally found to drop, but not in any uniform manner. 
There are a number of factors which affect the pH, 
including the occlusion of basic template in the 
crystalline product and the incorporation of the acid into 
the framework. As these may vary from reaction gel to 
reaction gel it is not too difficult to understand the 
non-uniform changes. 
4.3.2 X-ray powder diffraction 
The X-ray powder pattern for AEL type molecular 
sieves is well known, the calculated pattern is shown in 
figure 4.7 (18) . For the four samples synthesised in this 
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Figure 4.6 
Initial pH of the reaction gel used to crystallise 
AEL-type molecular sieves as a function of Si/Al ratio 
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Calculated X-ray Powder Pattern for calcined A1PO 4-11 
(AEL) molecular sieves - 
2 Theta 
von Balimoos. R. and Higgins. J.B. 
Zeolites, 10, 326S (1990) 
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work the patterns for the uncalcined materials were found 
to be identical. They were also consistent with the 
literature patterns and no systematic differences could be 
determined. As the :31--O and Al-O bond lenciths differ 
significantly it would be expected that there would be a 
change in the unit cell parameters as Si is introduced 
into the lattice and thi:s would manifest itself in a 
change in the powder pattern. As yet no-one has published 
such findings. It may be that the changes would be very 
small and not easily detected. 
To check the purity of the samples it was necessary 
to measure the X-ray profiles and convert the results into 
tables of d-spacing arid intensity. These results could 
then be compared with the literature values as in 
table 4.1. It can easily be seen that there are no extra 
peaks, nor any missing in the patterns of the synthesised 
materials. While the intensities of the peaks are not 
identical because of variables such as humidity and 
machine conditions, they are relatively close. From this 
it may be concluded that the samples prepared are pure and 
that there is no evidence of dense crystalline phases. 
The kinetics of crystallisation of A1PO 4 s and SAPOs 
have been measured (19) . The authors found that the 
induction period was very short (about two hours) and that 
crystallisation could be complete in under twenty-four 
hours. For AEL molecular sieves they also found that the 
overall crystallinity depended upon the silicon content. A 
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Table 4.1 
X-ray Pattern for Uncalcned AEL-Type Molecular Sieves 
Measured Value' Calculated Values 
d-Space I/Ic d-Space I/Ic, 
(angstroms) (*100) (angstroms) (*100) 
11.05(14). 24.1 10.93 26 
9.56(10) 42.1 9.37 37 
6.76(5) 18.8 6.74 14 
5.72(4) 33.8 5.66 28 
5.47(3) 6.0 5.47 4 
4.71(3) 8.3 4.68 6 
4.39(2) 51.1 4.37 39 
4.27(2) 100.0 4.22 100 
4.04(2) 61.7 4.03 47 
3.97(2) 74.4 3.97 33 
3.92 44 
3.85(2) 78.9 3.84 67 
3.62(2) 14.3 3.61 9 
3.40(1) 20.3 3.38 16 
3.36(1) 22.6 3.37 18 
3.13(1) 20.3 3.12 17 
3.08(1) 7.5 3.09 4 
3.04(1) 10.5 3.04 7 
2.86(1) 10.5 2.86 1 
2.74(1) 17.3 2.73 20 
2.63(1) 11.3 2.62 6 
2.53(1) 2..3 2.53 2 
2.47(1) . 	 4.5 2.47 6 
2.41(1) 12.0 2.42 2 
2.39(1) 13.5 2.40 10 
2.29(1) 3.0 2.30 2 
For SAPO-11 (5I01=0.097) 
Bailmoos and Hlgqins. 	Zeolites, 10. 	3285. (1990) 
large peak has shoulder 
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small amount of added silicon was found to increase the 
crystallinity of the sample. Khouzami et a] (20) have 
attributed this to structure stabilisation by the 
incorporated silicon. This was also found to be the case 
in the present work but the effect was very srnal 1 . For the 
reaction composition: 
A1 	: 	: 40H 20 
it was found that when x=0.05 the crystallinity was at a 
maximum. Larger si 1, icon contents showed very slight 
decreases in crystallinity. The differences were, however, 
very small and could be attributed to humidity changes or 
orientation effects. 
By running a series of the same composition. i.e. for 
a fixed value of x, the crystallisation could be followed. 
A typical series of X-ray patterns for the entire 
crystallisation time is shown in figure 4.8 (x=0.05). Even 
after only thirty minutes there are two peaks at low 
angles, the rest Df the pattern being essentially 
amorphous. As the crystallisation proceeds these low angle 
peaks decrease in intensity and the peaks attributable to 
the AEL type molecular sieves appear. After four hours it 
should he noted that in the low angle area there appears 
to be the lowest peak for A1PO4-5 but this is absent after 
six hours. The crystallisation is essentially complete 
after around ten hours. 
These. results can he used to construct a graph of 
crystallinity against retion time. The measurements of 
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Figure 4.8 
Series of X-ray powder patterns showing the 













crystallinity were based on the ratios of eight peaks, 
those corresponding to the d-spacings (angstroms): 11.05. 
9.56. 5.72, 4.39, 4.27, 4.04. 3.97. and 3.85 (the [110]. 
[020), (1301. [3101, 	[0021, [2:31] 	[:301] and [141] 
reflections respectively) (fig. 4.9). It can he seen from 
this that there is a very short induction time and that 
the sieve begins to crystallise after around three hours. 
By twelve hours the material is fully crystalline. While 
only one example is shown similar crystallisation curves 
were found for the complete series of materials; the 
incorporation of silicon did not appear to affect the rate 
of crystallisation. This may seem slightly unusual given 
that the pH of the gels were different, it seems however 
that AEL molecular sieves are very easily synthesised. 
In order to prepare the materials for sorption 
studies it is necessary to remove the organic template by 
calcination. It was found that after calcination and 
equilibration over saturated sodium chloride the X-ray 
patterns of the materials had changed (fig. 4.10). The two 
patterns have been measured and are compared in table 4.2. 
It can be seen that the calcined material shows 
substantial peak shifts and the appearance of new 
reflections. 
These changes have also been observed by Tapp et a] 
(21) and have been discussed in terms of a change in 
symmetry. In the uncalcined form the unit cell contains 
three different types of aluminium and three types of 
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Figure 4.9 
Crystallinity of SAPO-11 (initial gel composition 
Si/Al=0.05) as a function of time for crystallisation at 
150°C. 
e.e. 	I 	 I I I 
6 12 
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Figure 4. 10 
Comparison of calcined and uncalcined SAPO-11 X-ray 
powder patterns for the initial gel composition with 
Si/Al=O .05 
4 	 2theta 	 40 
207 
Table 4.2 
Comparison of X-ray Patterns For Calcined and Uncalcined 
AEL-Type Molecular Sieves (AIPO4-5 sample) 
Uncalcined Sample Calcined Sample 
d-Space d-Space I/I 
(angstroms) (*100) (angstroms) (*100) 
11.05(14) 24.1 10.98(7) 8.4 













4.39(2) 51.1 4.47(1) 16.8 
4.27(2) 100.0 4.28(1) 8.4 
4.10(1) 100.0 
4.04(2) 61.7 4.03(1) 31.9 
3.97(2) 74.4 3.98(1) 37.2 
3.85(2) 78.9 3.80(1) 42.9 
3.71(1) 18.3 
3.67(1) 9.9 
3.62(2) 14.3 3.58(1) 2.6 
3.51(1) 1.6 
3.47(1) 15.2 
3.40(1) 20.3 3.43(1) 8.4 
3.36(1) 22.6 3.34(1) 9.9 
3.27(1) 14.7 
3.22(1) 14.1 
3.13(1) 20.3 3.14(1) 7.3 
3.08(1) 7.5 
3.04(1) 10.5 3.02(1) 22.5 
3.00(1) 24.1 
2.94(1) 13.1 
2.86(1) 10.5 2.89(1) 4.2 
2.81(1) 7.3 
2.74(1) 17.3 2.75(1) 16.8 
2.63(1) 11.3 2.64(1) 8.9 
2.60(1) 3.7 
2.53(1) 2.3 2.52(1) 7.9 
2.47(1) 4.5 
2.41(1) 12.0 2.41(1) 7.3 
2.39(1) 13.5 2.36(1) 2.6 
2.32(1) 12.6 
2.29(1) 3.0 2.28(1) 2.1 
Nmm 
phosphorus while the calcined and rehydrated form contains 
five distinct aluminium and phosphorus sites. 
Crystallographically this has been described as a change 
from a body-(-- entred orthorhombic unit. cell (paran'iet.ers in 
angstroms, a=13.54. b=18.51 and c=837) to a primitive 
orthorhombic cell (parameters in angstroms. a=13.85, 
b=18.02, c=8.12). This causes a 3 decrease in the length 
of the unit cell and may be an important factor when the 
sorption properties per unit cell are considered.. 
particularly as the materials in this work are all used in 
aqueous environments. 
The question of whether the unit cell varies as the 
template is removed or after rehydration has roused much 
interest. Magic angle spinning NMR has been used to 
determine this. One group (22) has shown that the change 
is definitely due to the rehydratiori step and their 
results sugget that at this stage both tetrahedral and 
octahc;dral aluminium may exist i.e. the rehydration may 
cause the transformation from tetrahedral to octahedral 
aluminium which could be occluded in the channel system or 
be part of the framework. There is still, however, doubt 
about the actual situation. It is worth noting that the 
A1PO4-5 series does not show these changes but losses in 
crystallinity on hydration have been observed for SPO-37. 
These findings have also been borne out by Khouzami 
et a] who found that the as synthesised and calcined forms 
of AlPO-i1 both had the space , group Ir2 while the 
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calcined and then rehydrated form showed space group 
(23). 
4.3.3 X-ray Fluorescence 
The bulk composi t loris of all the samples used in this 
work were determined by X-ray fluorescence. X-ray 
fluorescence is known to be more difficult to perform on 
phosphate-containing materials than for pure 
aluminosilicates as the phosphorus tends to be volatile 
and is lost during the preparation of the glass discs. It 
has been pointed out before that various workers have 
shown the AEL frameworks to be stable to at least 1000C. 
It seems likely therefore that only material held in the 
pores and not part of the framework will be lost. The 
results must, however, be treated with caution as there is 
still the possibility that the measured phosphorus content 
is lower than the actual situation, this may be true for 
all four materials. 
By using a large excess of the lithium borate flux 
placed on top of the samples it was thought likely that 
any phosphates volatalised may be trapped. It was also 
necessary to mix the samples with silica (5096 mix) as 
materials with high aluminium and phosphorus contents are 
very difficult to cast into discs. 
As the materials are so different from geological 
samples it was also necessary to prepare a series of 
standards to calibrate the instrument. 
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The results which were expressed in percentages of 
total weight attributable to each species were manipulated 
to determine the unit cell composition. It was necessary 
to assume that all material present was used to construct 
the framework: wi tticut magic ancrl e spirirtinci NNR it was not 
possible to decide if this was the true situation or not. 
The unit cell compositions are all based on there being 40 
T-atoms per unit cell: 
Number of T-atoms Per Unit Cell 
Rectic'n Gel 	 Product 
Si Al P Si Al P 
A1PO4- 11 0.00 20.00 20.00 0.00 20.03 19.97 
SAPO-11 	(1) 0.98 19.51 19.51 1.04 19.29 19.67 
SAP0-11 	(2) 1.90 19.05 19.05 1.96 20.14 17.90 
SAPO-11 	(3) 2.80 18.60 18.60 3.01 21.72 15.27 
There are a number of points worth noting here. 
Firstly, it should be noted that in all cases the number 
of silicon atoms per unit cell is higher than that 
expected from the reaction stoichic'metry. The yield of 
products is in the range 80-82% (based on a pure 
aluminium/phosphorus framework) and it may be that all the 
silicon present in the gel is incorporated while small 
amounts of aluminium and phosphorus are left in solution. 
Secondly, if the mechanism of substitution was 
2Si=Al-i-P then the number of Al and P per unit cell should 
be equivalent. Figure 4.11, a plot of Al/P ratio as a 
function of Si per unit cell, shows that this was not the 
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Figure 4. 11 
Al/P ratio in product AEL framework as a function of Si 
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case. Initially it seems that a small amount of silicon is 
incorporated at the expense of aluminium. Assuming that 
the pure A1PO4-11 has no Al-O--Al linkages then this 
indicates Si-O--P bonds, the formation of which is 
unlikely. It may be that as the deviation from Al/P=i is 
very slight(<2 9 ) this is a meure of the accuracy of the 
results. For higher Si incorporation the effect is more 
dramatic. It seems that the best explanation would be that 
Si replaces P sites. This would lead to a hydrophilic, 
cation exchange, acid catalyst species. Of course at the 
same time the 2SiAl+P mechanism could also be present, 
the single substitution for phosphorus must however he 
dominant. This is not in line with the findings of other 
workers. The effect cannot be attributed to phosphorus 
volatilisation as it varies almost linearly with silicon 
content. Furthermore the differences between the materials 
are very small and unless the frameworks were 
significantly different in thermal stability no simple 
dependence on Si content would be expected for the 
adventitous loss of P. 
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4.3.4 Scanning Electron Microscopy 
Scanning electron microscopy was used to examine the 
crystal morphologies of the four products. plates 6 and 7 
show some examples of the micrographs obtained. The-
morphology of the four products were found to be very 
similar. These are best described as large, almost 
spherical particles composed of smaller plate-like 
crystals. These plate-like crystals are particularly 
evident in plate 7. There was also very little evidence of 
amorphous material. 
4.3.5 Thermal Analysis 
Simultaneous thermal analysis was performed on all of 
the crystalline AEL-type materials. It was found that the 
essential features of all the analyses were very similar. 
An example. for a silicon containing product. x=0.10. is 
shown in figure 4.12. The thermal gravimetric trace (TGA) 
shows a continuous weight loss from the starting 
temperature up to around 500c.C. The weight loss trace is 
essentially featureless although there may be a slight 
point of inflexion at about 170'C. Initially this weight 
loss must be due to water, this is emphasised by the 
strong endothermic trace in the differential thermal 
analysis profile (DTA). The DTAs were run on a scale five 
times more sensitive than that used for the MFI materials 
and this should be taken into account when comparing the 
results. 
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It can be seen however that the endotherm associated 
with water loss is relatively much more pronounced 
(compared to the organic exc'therm) than in the NFl 
materials. This in part is due to the larger amount of 
water within the pores. It can also he attributed to the 
exotherms associated with the organic templates being much 
smaller as the pore system does not stabilise the crganics 
to such an extent, and indeed some of the amine may be 
lost from the pores by volatilisation. 
At temperatures above that of the water loss, the EPA 
is gradually lost over an extended temperature range. The 
two exctherms on the DTA show the region of maximum loss 
by oxidative degradation. It was found that with the pure 
aluminophc'sphate phase there was only one exotherm, it was 
much smaller and centred on a lower temperature 
(fig. 4.13). In figure 4.13 the four DTA traces are 
displaced by equal amounts for clarity, the scale is the 
same in all cases. The splitting into two peaks must 
therefore be associated with the silicon. 
By comparing the DTA exotherms it can be seen that 
the lower temperature exotherm is present in all the 
samples and is centred on temperature of 330C. This must 
be due to unprctonated amine molecules associated with 
only Al and P sites (as in the AiP0-11 phase) . A 
variation in the amount of DPA per unit cell was found but 
there was apparently no systematic trend. Figure 4.14 
shows how the quantity of DPA associated with the lower 
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Figure 4.13 
Comparison of the DTA traces of the AEL-type materials 
from the reaction compositions: 
xSi02 	A1 203 : POe 
All four traces are to the same scale, each being 
displaced by 10% on the DTA scale from the previous 


















DPA per unit cell as a function of silicon content per 
unit cell. These DPA molecules are those associated with 
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temperature exotherm varies with the silicon content of 
the molecular sieve. This could be due either to pore 
restriction due to the shorter bonds involving Si 
(unlikely to have a dramatic offect) or more probably due 
to the decrease in the quantity of pure alurninophosphate 
regions. To account for this it is necessary to postulate 
that within the SAPCI phases Si rich regions are formed. 
these regions increasing in number as the amount of 
silicon present increases. This would also justify the 
results in 
figure 4.11 in which it appears the silicon substitutes 
into the phosphorus sites, forming areas of 
aluminc'silicates and separate areas of aluminc'phosphates. 
Such regions have been discussed by other workers (24) 
Considering the position of the higher temperature 
excitherm in figure 4.13 it appears that as the amount of 
silicon incorporated increases then the peak temperature 
also increases. This is illustrated in figure 4.15. It is 
possible that as the silicon is incorporated, it 
substitutes for phosphorus sites. This substitution leads 
to a charge imbalance in specific areas, as more 
phosphorus sites are occupied this charge imbalance 
increases. As a direct consequence of this, the charge 
balancing template molecules, protonated DPA, are more 
stabilised by the framework and dc not undergo oxidative 
degradation until a higher temperature is reached. This is 
exactly analogous to the MFI situation where incorporation 
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Figure 4.15 
Peak temperature for the higher temperature exotherrn on 
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of aluminium was found to lead to a site in which the 
occluded species was stabilised. 
To prepare the as-made materials for sorption studies 
it was necessary to remove the template. While other 
methods have been used (25) . calcination is the most usual 
procedure. To avoid loss of phosphorus caused by prolonged 
heating, the AEL-type materials were calcined at 550°C for 
one hour and then at 650'C for thirty minutes. The samples 
were then equilibrated over saturated sodium chloride and 
thermal analysis again performed. 
Figure 4.16 shows how the water content varies as a 
function of silicon content. Initially a small amount of 
silicon appears to reduce the hydrophilicity of the 
material. As more silicon is incorporated then the 
materials become more hydrophilic, as might be expected 
for an increase in ionicity. The close relationship 
between figurs 4.11 and 4.16 should be noted. From these 
findings it may be concluded that the hydrophilicity of 
the material appears' to depend directly upon the aluminium 
content (as was found for the MFI type materials) , this is 
shown in figure 4.17. it is curious to note that the 
best-fit straight line (from least mean squares analysis) 
would pass through the point (0.0) i.e. for an AE1 
molecular sieve without aluminium the material would be 
extremely hydrophobic. If some of the aluminium sites are 
surrounded only by silicons then these would represent 
more ionic and hence hydrophilic areas. It seems therefore 
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Figure 4.16 
Number of water molecules per unit cell (from thermal 
analysis of samples equilibrated over saturated NaCl 
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Figure 4.17 
Number of water molecules per unit cell (for samples 
equilibrated over saturated NaCl solution (aw=0.7528)) as 
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that the existance of both silicon rich and silicon 
deficient areas within the AEL-type molecular sieves have 
been prepared. 
From tb it cart be 	flc: ludeci that the main 
substitution observed is the replacement of phosphorus by 
silicon. While this is not widely accepted as the main 
mechanism there have been reports that the exact synthesis 
conditions can influence the substitution (26, 27) and it 
is not unreasonable to suggest that the high pH values 
employed in this work favoured the formation of stable 
alumiriosi 1 icate regions. 
From the thermal analysis of both the as-made and the 
calcined forms it is possible to describe the contents of 




Unit Cell Compositions for AEL-Type Molecular Sieves 
AlPO.4-11 
_lricalciried 
[A120 P 20 ]Oeo 	2.93DPA 	9.65H20 
Calcined 
[Al2o P20](130 	20.11H20 
Si/Al=O, Al/P=1 
SAPO-11 (5% Si) 
Uncalcined 
[Si 1 . 04 	A1 19 .29 	 2.33DPA 	7.14H2 0 
Calcined 
[511.04 	Al 1 9.29 	P 19 .67]Oao 	19.62H2 0 
Si/Al=0.054, Al/P=0.981 
SAPO-11 (10% Si) 
Uncalcined 
[511.96 	A1 20.14 	P17.9010e0 	2.96DFA 	10.66H2 0 
Calcined 
[311.96 	A1 20 .14 	P.9010e0 	19.71H2 0 
S1/Al=0.097, Al/P=1.125 
SAPO-11 (15% Si) 
Uncalcined 
[513.01 - Pi1 2 1.72 	F 1 . 27]06 0 	2.65DPA 	13.74H 2 0 
Calcined 
[513.01 	A121.72 	P 1 .27)060 	22.02H2 0 
Si/Al=0.139, Al/P=1.422 
DPA = di - isoprcpylamine NCH 3 )2Cl2NH 
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CHAPTER FIVE 
SYNTHESIS OF SILICOPHOSPHATES 
5.1 Introduction 
Despite recent advances there are as yet no reports 
in the open literature of molecular sieve frameworks which 
carry a positive charge. The aluminosilicate frameworks 
are negatively charged and the silica molecular sieves are 
neutral. The aluminophosphate frameworks are also neutral 
as these materials have equal amounts of positively 
charged phosphorus centres and negatively charged 
aluminium centres (1). Within the framework these species 
alternate, there are therefore no regions where a build up 
of one or other of the charges occurs. All reports of 
aluminophosphate substituted species, such as the 
silicoaluminophosphates, suggest that either a tetrahedral 
phosphorus or Al/P pair is replaced (2). This leads either 
to negatively charged or neutral frameworks respectively. 
If the substitution was for the tetrahedral aluminium then 
there would be a positively charged framework. 
Negatively charged frameworks which contain charge 
balancing cations have found much use, as acid catalysts 
and cation exchangers, but there are many situations where 
either an anion exchanger or a base catalyst would be 
useful. Such materials would undoubtedly be very valuable 
and would be a considerable prize. They might also open 
the field to whole new families of molecular sieves in the 
same way that the A1FO4s have done. 
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In composition terms the simplest members of a family 
of positively charged, anion exchangers would be the 
silicophosphates (SiPs) . Such species can be envisaged as 
having frameworks composed either of alternating 
tetrahedral silicon and phosphorus sites, or by analogy 
with the high silica zeolites, as silica frameworks with 
phosphorus substitution. 
The study of silicoaluminophosphates is of 
considerable importance here. There have been no reports 
of the Si-O-P linkage in any materials, this linkage which 
would be essential to the synthesis of SiPs has been 
described as unlikely (3). In NNR studies no Si-O-P 
linkages have been observed (4). There are at least two 
possible conclusions which can be drawn from the absence 
of materials containing such linkages: 
1. Such linkages are sensitive to moisture, 
probably because of ready hydrolysis at the 
phosphorus centre. It may be that 
aluminophosphates (whose stability has been 
described elsewhere) are metastable phases, 
attack by water or electrophiles converts the 
tetrahedral phosphorus to a neutral much more 
stable five coordinate species. 
Phosphorus-oxygen double bonds, which are very 




groups which would lead to framework collapse. 
The framework could not be healed after 
phosphorus loss as this would require Al-O-Al 
linkages which are disallowed for tetrahedral 
aluminium by Lowensteins rule. 
2. It may simply be that a completely different 
synthesis route is required. 
It is expected that materials with large numbers of 
phosphorus centres would be even less stable than the 
AlPO4s as the positive charge on the phosphorus centre 
would not be stabilised by proximity to an aluminium 
negative charge. Smaller amounts of phosphorus may be 
occluded into pure silica frameworks. Here there will 
always be the problem that phosphorus is likely to be lost 
due to hydrolysis while the framework could anneal. 
However, in such cases the properties of the silica may be 
different to those of silica molecular sieves prepared by 
conventional procedures. 
In the synthesis of zeolites the reaction gel is 
typically basic (pH 10-11). This is necessary to allow the 
dissolution of colloidal silica. SAPO gels too are basic 
though often closer to neutral pH values. For small 
amounts of incorporated silicon in SAPOs it is also 
possible to use acidic conditions. For silicophosphates 
the reaction gel would also be acidic as large quantities 
of orthophosphoric acid (probably the best phosphate 
source available) would be used. 
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This could lead to problems in the choice of silica 
source. Polymeric silica is only barely soluble in acidic 
conditions and would certainly not be expected to form the 
monomeric units which are important for crystal formation. 
Soluble silicates are used in many areas of chemistry and 
the characteristic reactions are chiefly functions of the 
dissolved orthosilicate ion, Si(OH)202, which is the 
most reactive silicate species. Under acid conditions this 
takes the form Si(OH)4 and may polymerise to give other 
silicic acids. If it is possible to depolymerise silica 
under acidic conditions then with the addition of template 
molecules it may be possible to crystallise frameworks 
containing Si-O-P and Si-O-Si links. Attempts to prepare 
such frameworks form the substance of the work described 
in this chapter. 
5.2 Preparation of Silicophosphoric Acid 
Amorphous silica has previously been used in the 
preparation of silicophosphoric acid which is described as 
a crystalline, water soluble source of silica-containing 
compounds (5). Silicophosphoric acid was first isolated in 
1883 and between this date and 1960 three methods of 
production were reported, though all have major drawbacks: 
(a) Highly active SiO 2 (most likely a fumed silica 
source) can be dissolved in hot phosphoric acid. 
However, a large excess of phosphoric acid is 
required as the solubility is limited to about 5%. 
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There is then also the problem of separating the 
excess phosphoric acid from the product. 
Stoichiometric amounts of SiO 2 and H3PO4 may be 
mixed together and then dehydrated at elevated 
temperatures. It is then very difficult to 
separate any unreacted silica from the system. 
Orthophosphoric acid can be burnt on a carrier 
containing silica. While this is undoubtedly the 
most exciting to watch, it is extremely 
hazardous and there is no guarantee that the 
desired product will be formed in a pure state. 
To overcome these problems an alternative method was 
patented by Teske et a] in 1960 (5). Normal 
orthophosphoric acid (8596 weight in water) can be 
considered as containing 61.696 P 20. By boiling the acid, 
some of the water may be removed. It is possible to 
concentrate the acid by this method to contain 76% P 205 by 
weight. It is then possible to depolymerise silica in this 
very concentrated acid, which exhibits a negative pH 
value. The structure of the product claimed by Teske et a] 
is shown in figure 5.1 and has the empirical formula of 
HeSi (PO4) 4 
Hence the synthesis reaction must be: 
4H3PO4 + 5102 -4Si[P0(OH)214 + 2H 20 	Eqn. 5.1 
The silica added to this system has certainly been 
depolymerised to some extent but there must be doubt about 
whether all the acid units are the same. 
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Figure 5.1 
Skeletal Framework of Si(H2FO) 
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Also from the composition of the reactant mixture 
5P20 : Si02 : 15H20 
the silica is only seen to be around 6% soluble, a small 
increase over the previous methods. The main effect of 
concentrating the acid must be in the yield of the 
silicophosphoric acid product. Removal of some of the 
water, shifts the equilibrium in equation 5.1 between 
crystalline silicophosphoric acid and amorphous silica 
units. This makes sense in that the silicophosphoric acid 
is known to hydrolyse in water to give silicate units, 
thus a high yield of silicophosphoric acid can only be 
expected in reaction mixtures that have a low water 
content. 
It appears that the reaction gel requires a very high 
mole ratio of silicon to phosphorus but the mole ratio of 
the product is substantially lower. Murashkevich reports 
that for lower ratios 'normal' silicon orthophosphate and 
silicon pyrophosphate may be formed (6). 
During the crystallisation of the silicophosphoric 
acid the reaction is kept between 110 and 200C and the 
time of reaction depends upon the exact temperature. The 
initial concentrating of the acid requires a higher 
temperature, in excess of 250C. 
Murashkevich et a] report that the silicophosphoric 
acid formed has a composition of: 
P 2 05 : SiO2 : 1.15H20 
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This formula must represent a more condensed phase 
than that previously reported (fig. 5-2). This has been 
confirmed by another group which Teske was also a member 
of (7). This structure gives considerable hope for the 
synthesis of silicophosphates, as joining of these sheets, 
perhaps by the opening of the phosphorus-oxygen double 
bond, would lead to a three dimensional framework. It 
should be noted that the empirical formula for this 
species does not account for all the water present, as yet 
there is no rationalisation for this. 
The use of silica in acid conditions is therefore 
known. For the synthesis of silicophosphates there are 
three possible experimental approaches: 
Prepare silicophosphoric acid and then attempt 
to construct a framework from these units in a 
two stage process (section 5.3) 
Employ the reaction conditions for the 
silicophosphoric acid with added reagents to 
attempt the direct synthesis approach (section 
5.4) 
Use a different method for producing monomeric 
silica in acid solution (section 5.5) 
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5.3 Two Stage Synthesis Procedure 
Initially it was decided to follow the two stage 
synthesis procedure i.e. preparing silicophosphoric acid 
and then using this as a reagent in further reactions. 
Since the silicophosphoric acid and any product SiPs would 
give X-ray powder diffraction patterns and as the reagents 
are amorphous, the reactions can be conveniently monitored 
using X-ray diffraction. It was expected that in the first 
stage of the reaction the amorphous hump due to the 
colloidal silica would be replaced by the pattern for 
silicophosphoric acid. In the second stage this pattern 
should then disappear and be replaced by the new pattern 
for the final product. 
Orthophosphoric acid (BDH. analar 8596) was 
concentrated by heating at temperatures in excess of 250C 
on an electric hot-plate for up to four hours. By careful 
weighing the exact concentration of the acid could be 
determined. Fumed silica (BDJi Cab-O-Sil M5) was then added 
to the acid and mixed as thoroughly as possible. At this 
stage the reaction gel was very thick. The pH could not be 
determined as it was below zero. The reaction gels 
prepared had the formulae: 
4-7 P 20: Si0 2 : xH20 
the value of x depending upon the concentration of the 
phosphoric acid after boiling. 
Initial reactions were carried out in teflon-lined, 
stainless-steel bombs. With a reaction temperature of 
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200°C it was found that the reaction was complete within 
twenty hours, prolonged heating turned the top surface 
brown. For lower reaction temperatures however, the 
reactions after twenty days were not as crystalline 
(150°C). It was subsequently found that the reaction did 
not require a sealed container and the silicophosphoric 
acid could be satisfactorily crystallised in an open. 
crucible. This had the double benefit of allowing larger 
reaction mixtures and freeing the sealed vessels for other 
reactions, though they were still used at higher 
temperatures. 
The X-ray powder pattern of silicophosphoric acid 
displays a very characteristic peak at 12°28 which 
corresponds to a d-spacing of 732pm, the degree of 
crystallinity could conveniently be estimated from this. 
The literature values for the X-ray pattern are compared 
with those observed experimentally in table 5.1. The 
differences between the theoretical relative intensities 
and those determined experimentally could be due to a 
combination of preferred orientation and incomplete 
crystallisation. The corresponding X-ray powder pattern is 
shown in figure 5.3. Table 5.2 shows how the crystallinity 
of the silicophosphoric acid samples varied with reaction 
composition (10096 represents the most crystalline sample 
prepared in this work). It was found that if the P 20/SiO2 




X-ray Powder Pattern for Silicophosphoric Acid 
Literature Values 
2theta d-space I/L 
(pm) (*100) 
9.10 972 10 
10.80 819 10 
12.08 732 100 
22.10 402 50 
23.28 382 100 
23.95 371 60 
25.74 346 100 
27.88 320 10 
29.98 298 50 
31.30 285 20 
33.20 269 10 
34.20 262 60 
36.40 246 50 
36.78 244 50 
38.02 236 50 
36.64 233 60 
Measured Values 
2theta 	d-space I/Ic, 
(pm) 	(*100) 
12.08 733(6) 100.00 
22.10 402(2) 6.11 
22.50 395(2) 9.44 
24.30 366(2) 11.67 
25.90 344(1) 20.28 
27.90 320(1) 3.33 
30.00 298(1) 1.94 
	
34.20 	262(1) 	1.94 
36.40 	247(1) 	17.78 
38.00 	237(1) 	4.72 
38.80 	232(1) 	3.89 
For reaction mixture: 4P 20 : S102 : 12H20 
(200'C for 19 hours) 
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Figure 5.3 
Typical X-ray powder pattern of silicophosphoric acid. 
This sample was crystallised at 200C for 20 hours from 
the reaction composition: 









Crystallinity of Silicophosphoric Acids 
Reaction Mixture: xP 20 	: 	Si02 : yH20 
X 	y Temperature 	O/C 	Time Crystallinity 
c.0 
2.5 	9.5 95 0 7 d AMORPHOUS 
2.5 9.5 95 0 15 d AMORPHOUS 
2.5 	9.5 95 0 30d 5 
2.0 	6.5 110 0 7 d 1,31 
2.0 6.5 110 0 30 d 1136 
2.0 	6.5 110 C 7 d 1*33 
6.4 	17.3 150 0 19 d 53 
6.4 17.3 150 C 20 d 55 
6.0 	15.0 150 0 10 d 27 
4.0 12.0 150 0 10 d 62 
3.6 	11.7 200 C 20 h 5 
6.0 15.0 200 C 24 h 42 
6.0 	15.0 200 C 36 h 62 
4.0 11.7 200 C 20 h 40 
4.0 	12.0 200 C 20 h 100 
d= days, h= hours - 
Oopen system. C=closed system 
b Impure, silicon orthophosphate present 
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It was found that after reaction there was a problem 
in separating the product from any unreacted gel. 
Eventually it was found that vigorous shaking in 
ethylacetate allowed the crystalline product to be 
separated. The product could then be dried at 120cC to 
remove the ethylacetate. 
Having synthesised the silicophosphoric acid it was 
then necessary to consider the reaction compositions for 
the second stage of the synthesis route. Following the 
work reported on A1FO 4s, which are prepared from reaction 
gels with low water contents, it was decided that this 
approach should also be adopted. The water contents were 
fixed to have water/Si ratios between 20 and 45, depending 
mainly on the template source and solubility. It was, 
however, desirable to have some water present to dissolve 
the template and to allow crystal nutrients to be 
transported through the gel. 
Before the reaction gels could be prepared it was 
necessary to consider the choice of templates. In 
situations where the product framework is negatively 
charged the template often provides the only source of 
charge balancing cations. For SiPs the framework would 
contain positive centres and would require the presence of 
charge balancing anions. However, in the first instance it 
was decided to use traditional cation templates as these 
would promote the formation of larger silica building 
units such as Si8020 8 , and increase the pH of the gel. 
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In preparing the reaction gels it was assumed that 
the 5iliCOphOSphOriC acid could be represented by a 
composition of Si(HPO)2. The first three systems to be 
studied involved the tetramethyl-, tetrapropyl- and 
tetrabutylammoniurn hydroxides. The reaction mixtures 
prepared were: 
Si(HPO)z : TMAOFI : 	 21H20 
Si(HPO4)2 : TFAOH : 45H20 
Si(HPOA)2 : TBAOH : 	 21H20 
More water was included with the TPAOH as it was only 
available as a 20% solution in water. After ten days at 
150C the reactions were quenched and the products 
separated from the reaction gels by vigorous shaking in 
ethylacetate followed by filtration and drying. On X-ray 
diffraction it was found that the pattern due to 
silicophosphoric acid had disappeared and been replaced 
with a broad amorphous hump. It seems therefore that the 
reaction conditions caused the dissolution of the initial 
materials but crystallisation to new products was not 
possible. On the basis that the crystallisation may be 
extremely slow the reactions were repeated but it was 
found that even after one hundred days no crystallisation 
was apparent. 
During the course of the reaction the pH of the gel 
containing the TMAOH was found to have risen from an 
initial value of 1.73 to a final value of 2.12. It seems 
possible that these very low pH values may not be 
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conducive to the synthesis of SIPs. However reaction 
mixtures with increased amounts of TMAOH (and thus higher 
pH values) still failed to crystallise. 
The TBAOH system was found to have a higher initial 
pH of 4.7, which fell during reaction to around 2.7. This 
was considered encouraging as It suggested that the TBAOH 
was being removed from solution either by occlusion in a 
pore system or by reaction to form a different species. 
Higher amounts of TBAOH still did not lead to a 
crystalline product and no direct correlation between 
initial TBAOH concentration and the drop in pH could be 
discerned. The TPAOH system also proved fruitless, though 
it is possible that this was due to excessive water in the 
reaction gel. 
Other quaternary ammonium ions and amines were 
employed without success, but 1,6-diaminohexane gave a 
crystalline product from the reaction mixture: 
Si(HPO4)2 : NH2(CH2)6NH2 : 28H20 
after reaction at 150OC for four days. The X-ray powder 
pattern of the product is shown in figure 5.4. From this 
it can be seen that the peak corresponding to 
sllicophosphoric acid has disappeared and a lower angle 
peak, which corresponds to a d-spacing of 113.3pm, is 
observed. This material was designated SIP-i. During the 
crystallisation, the pH varied very slightly, from 5.63 to 
5.95. It may be that the initial value of the pH is more 
important to the crystallisation than the change in pH. 
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Figure 5.4 
X-ray powder pattern of SiP-i crystallised at 150C for 4 
days from the reaction composition: 







Scanning electron micrographs of SiP-i are shown as 
SEN plate no 8. It was found that the product was composed 
of large agglomerates many of them spherical in shape. 
These particles were about one hundred microns in diameter 
and some, which had split revealed that the interior was 
hollow. Even at higher magnifications it was not possible 
to distinguish any particular crystal morphology. Before 
reaction the silicophosphoric acid was present in 
mis-shapen lumps which varied from fifty microns up to 
three hundred microns. In the SiP-i product, however, the 
agglomerate size was less varied. 
At the same time an analogous gel but with the 
inclusion of some sodium aluminate was prepared. This had 
a composition of 
Si(HPO)z 	NH2 (CH2)6NN2 	NaA102 : 28H20 
Under the same reaction conditions this produced a 
less crystalline product, with the X-ray powder pattern 
showing one large peak at 6.228 (d-space=142.2pm) and the 
rest being poorly defined. This is often characteristic of 
layered materials (fig. 5.5). 
As the X-ray pattern of SiP-i suggested that there 
was still amorphous material present it was decided to 
repeat the synthesis but to allow for a longer 
crystallisation time. It was found that by extending this 
to ten days the X-ray pattern in figure 5.6 could be 
obtained. The corresponding table for p eak positions and 
intensities is shown in table 5.3. This could not be 
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Table 5.3 
X-ray powder pattern of SIP-i 
2theta d-Space 1/10 
(pm) (*100) 
8.9 994(6) 46.58 
15.2 583(2) 27.40 
15.7 564(2) 3.20 
17.8 498(2) 8.22 
18.0 493(2) 5.02 
19.1 465(2) 4.57 
20.0 440(1) 12.79 
20.7 429(1) 5.02 
21.5 413(1) 79.45 
21.6 411(1) 79.45 
23.7 375(1) 28.31 
24.8 359(1) 100.00 
26.7 334(1) 39.73 
29.3 305(1) 9.59 
30.6 292(1) 10.50 
32.0 280 7.31 
33.2 270 9.13 
34.6 259 3.20 
35.2 255 4.11 
35.6 252 2.74 
37.1 242 18.27 
39.2 230 11.42 
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Figure 5.5 
X-ray powder pattern of the product after 4 days at 150°C 
from the reaction composition: 













X-ray powder pattern of the product. SIP-i, crystallised 
at 150C for 10 days from the reaction composition: 
Si(HPO4)2 : NH2(CH2)6NH2 : 28H20 
ME 
matched with previously reported patterns. There still 
appears to be a small amount of amorphous material present 
but while the synthesis could be repeated, the baseline 
could not be flattened any further. The pattern does not 
appear very complex and may represent a single crystalline 
phase although this is not known with certainty. 
The corresponding SEMs are shown in plate 9. It seems 
obvious from this that there is more structure in these 
particles than in those from the first crystallisation and 
they are no longer spherical. The particles which remain 
could be considered as being fragments from the original 
spheres. In the bottom picture the morphology resembles 
plates held together by small crystals, rather like 
plywood. 
Unfortunately it was found that if the product was 
allowed to come into contact with water then the X-ray 
pattern quickly collapsed to a single broad amorphous 
hump. 
The thermal analysis of the material is shown in 
figure 5.7. There is no low temperature weight loss which 
could be associated with water, but there are two regions 
of rapid weight loss shown by the differential thermal 
analysis (DTG) at around 200 and 300'C. The higher 
temperature peak coincides with the DTA exotherm and it 
seems likely that this is due to the template molecule. 
The lower temperature loss is associated with an 
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Figure 5.7 
Thermal analysis of SIP—i, crystallised at 150°C for 10 
days from the reaction composition: 





















lost here. At higher temperature (360-900°C) weight loss 
continues; for other materials this is often indicative of 
framework collapse. After the analysis the sample was left 
on the thermal balance but no weight gain was obvious. The 
conclusion from this must be that the product was either 
not a microporous system or was simply not thermally 
stable to 900°C. 
Assuming that the product was composed of some type 
of framework, the material was calcined at 360°C for two 
hours in an attempt to remove the template and free any 
microporous system. However the X-ray powder pattern 
indicated that the product was amorphous. This suggests 
that either there is no framework or that removal of the 
template causes framework collapse. Thermal analysis to 
400°C and subsequent equilibration on the balance pan at 
room temperature confirmed that the weight loss was 
irreversible. It is possible that the material is very 
thermally unstable and that the temperature required for 
template combustion is sufficiently high to cause 
framework collapse. Hence, another method of template 
removal reported in the literature (8), was attempted. In 
this, SiP-i was heated with 1 molar methanolic HC1 
(methanolic since the framework is not stable in aqueous 
systems) for 4 hours at 60°C. This also completely 
destroyed the material; the X-ray pattern showed the 
amorphous hump only. 
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X-ray fluorescence (XRF) was used to measure the 
SIP-i composition which was found to be: 
0.88  ti 1\ r7'.J5 
This indicates less phosphorus than in the reaction 
mixture, but it may be that some of the phophorus was lost 
during the preparation of the XRF samples. Using the 
results from the thermal analysis it is possible to 
estimate the complete stoichiometry of SIP-i as: 
SiO2 : 0.88 P 20 : 1.49 NH2(CH2)6NH2 
This represents about 2 template molecules for every 
3 'T-atoms' if it is assumed that the phosphorus content 
is low due to volatilisation during preparation for XRF 
analysis. Each silicophosphoric acid unit would provide 
these three 'T-atoms' and it would appear that the amines 
may crosslink the acid units to generate a type of 
framework. It would certainly appear that the amine is not 
held' in any pOres in the material, but it could-in fact be 
a framework constituent. Simple salt formation such as: 
-0(POOH)0SIO(P00H)ONH3(CH2)6H3N0(PO0H)0SI0(P0OH)O 
seems possible, and further cross-linking may also be 
possible to reach the required stoichiometry. It is not 
known whether the 1,.6-diaminohexarie is degraded before 
inclusion, so the nature of the bridging organic is not 
known. It also seems unlikely that in this material there 
would be tetrahedral phosphorus sites. It may be that 
different reaction compositions would allow a more stable 
material to be prepared which could then be further studied. 
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To study the effect of different temperatures and 
mole ratios on the product, the reaction composition: 
Si(HPO)2 : xNH2(CH2)6NH2 : 28H 20 
where the values of x were 0.5, 1.0 (product already 
obtained) 1.5 and 2.0, was used. With x=0.5 the products 
were poorly crystalline and there was much evidence of 
amorphous material. For x values higher than 1.0 much more 
complex X-ray patterns, indicating the presence of the 
previous product and other phases, were found though most 
of the peaks previously assigned to SIP-i were present. 
All of these materials collapsed upon heating or contact 
with water. It seems that x=1.0 presents the ideal 
conditions for what has been considered as a single phase. 
Deviation from this either prevents crystallisation or 
allows more than one phase to grow. It may be that some of 
the other phases present would be more stable if they 
could be isolated. Increasing the amount of amine is 
unlikely to resolve the problem of its incorporation into 
the framework, in fact it is more likely to force all of 
the phophorus into phosphorus-amine units with release of 
silica.  
It was also found that the optimum temperature for 
crystallisation was in the range 140-160°C. Between these 
two temperatures only SiP-i was synthesised. Above this a 
more complex X-ray pattern suggested that there was more 
than one phase present, and below 130°C crystallisation 
was very slow, the product appearing impure. 
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It is unfortunate that the SIP-i product was not 
stable either to water or thermal treatment. To remedy 
this it may be possible to further react SIP-i in a 
separate system. This would mean that the synthesis route 
becomes a three stage process: 
Preparation of silicophosphoric acid. 
Synthesise first silicon-phosphorus product. 
Convert to more stable product. 
If SIP-i is considered as a form of 
amine-phosphate/silicate complex then it seems unlikely 
that further reaction would form a microporous framework. 
In tentative experiments It was found that when the 
product was further reacted with more amine at 150aC the 
crystal pattern gradually disappeared and no new material 
was seen to crystallise within sixty days, it is just 
possible that the crystallisation is extremely slow but 
this may be over optimistic. 
Other organic molecules also yielded crystalline 
products with silicophosphoric acid, but as these have all 
had the same limitations as discussed above they will not 
be discussed further. 
It was previously mentioned that negatively charged 
template species would seem to be required to balance 
framework positive charge. In preparations utilising 
various suiphonic acids as templates it was not possible 
to synthesise any crystalline materials, though after 
several weeks the suiphonic acid could be recovered 
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unreacted. Other species used include small organic acids 
such as ethanoic and propanoic acids. These all failed to 
give crystalline products, possibly because the pH was 
outwith that required for crystallisation. After much work 
it seems that the silicophosphoric acid route is not 
ideally suited to molecular sieve synthesis. 
5.4 Gels With Reactants for Silicophosphoric Acid 
Industrially it is much more efficient to crystallise 
• product from a single reaction mixture rather than from 
• two stage synthesis. There are savings in energy, 
reactants and time spent preparing the reaction mixtures. 
Usually there are higher yields from 'single pot' 
syntheses due to the law of diminishing returns. As 
already shown the use of crystallised silicophosphoric 
acid in a two stage process to. crystallise silicophosphate 
molecular sieves proved difficult; the products were 
moisture sensitive and difficult to handle. It is possible 
that after crystallisation to silicophosphoric acid the 
initial reactants are not sufficiently reactive to undergo 
further hydrothermal synthesis. The use of the 
concentrated phosphoric acid to depolymerise colloidal 
silica is advantageous and SiPs may be formed by addition 
of templating molecules before the silicophosphoric acid 
is crystallised. 
As 1,6-diaminohexane had been shown to give a new 
product (SiP-1) the first attempts at using a one pot 
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synthesis also used this template. The gel: 
3P20 : SiO2 : NH2(CH2)6NH2 : 21H 20 
was reacted under sealed, static conditions at 100, 120 
and 150°C. After twenty days all three gels were found to 
be completely amorphous. The reaction time was extended 
for the sample at 150°C but even after forty days there 
was no sign that any crystallisation had occurred. During 
the reactions the pH did not change from the initial value 
of 0.8. It was felt that this extremely low pH value may 
in part have been responsible for the failure of the gel 
to crystallise. It should be noted that including the 
organic reactant in the reaction mixture also prevented 
the crystallisation of the silicophosphoric acid which 
would otherwise have been expected from this composition. 
It was decided to increase the pH of the gel by increasing 
the template concentration using the composition: 
3P 20 : Si02 : xNH2 (CH2 ) 6NH2 : 21H20 
It was found that as more template was added then the 
reaction mixtures became very hot on initial mixing 
probably due to neutralisation of some of the acid by the 
basic template. It was - also noticed that for values of x 
greater than 3, where the p1-1 rose to approximately 4, the 
gel formed into small apparently dry lumps. It is thought 
that as the pH increased then the solubility of the silica 
decreased and led to the precipitation of amorphous lumps. 
These lumps were broken up with a spatula and then, to 
produce a homogeneous gel, it was necessary to blend the 
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reaction mixtures vigorously for up to five minutes. 
During this time further heat was evolved and it is 
possible that some of the water in the reaction gel was 
lost as steam. Weighing the final gel revealed that the 
amount lost was very small. Extended reaction times at 
150C failed to produce any crystalline materials. 
When phosphoric acid (6196 P20) was mixed with fumed 
silica, a smooth paste could be formed. It is not known 
how much depolymerisation of the silica actually took 
place. Careful addition of the template then produced 
another smooth gel. If this gel was left to stand before 
reaction it appeared to separate into two phases and 
required re-homogenisation before raising to the reaction 
temperature. It seems that with the super-concentrated 
acid the reaction with the template was too vigorous and 
upset the mixing of the gel perhaps by forming some type 
of unreactive amine-phosphate species. It was therefore 
decided to abandon the pre-concentrated acid. 
Using as-supplied phosphoric acid (BDH, Analar 8596 
H3PO4, 61.696 P 20) also increases the water content of the 
gels. However, less water is then available to dissolve 
the template if reactant stoichiometries similar to before 
are used. In these cases the template is added as a more 
concentrated solution and must be handled with care. 
Reaction mixtures based on; 
xP205 : S102 : NH2(CH2)6NH2 : yH 20 
were prepared for various values of x. As much as possible 
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y was held to a consistent value of approximately 305. 
With x=5 and y=35 the reaction gel was found to be 
completely amorphous after 20 days at 150°C. This gel had 
a very low pH, but by reducing the value of x, higher pH 
values were obtained. With x=3.6 (and y=28) it was found 
that after 19 days, again at 150°C, the X-ray powder 
pattern was essentially amorphous although there were two 
small peaks visible above the amorphous hump at 20.4°28 
and 21.9°20 (d-spacings 435 and 406pm respectively). 
Extended crystallisation time did not improve the quality 
of the pattern. The same pattern was later found for the 
product obtained for the gel composition: 
3.6P205 : 3102 : 1.5NH2 (CH2)5NH2 : 28H20 
reacted at 120°C for 19 days. 
This method of simply mixing the silica source with 
the phosphoric acid did not yield any very crystalline 
materials, at maximum only three reflections could be 
discerned. It is thought that this can be attributed to 
the lack of solubility of the silica. To proceed further 
it was deemed necessary to use a more reactive silica 
source, the most suitable candidate being an organic 
silicate. It was decided that tetraethoxysilicate, which 
would react with water in the presence of phosphoric acid 
liberating ethanol and monomeric silicic acid, would be 
used. This silica source has been used for the 
crystallisation of SAPOs (chapter 4) 
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3.5 Synthesis Using Si(OCH2CH3)4 
The first reaction composition using 
tetraethoxysilicate, was prepared with the intention of 
reproducing SIP—i. The reaction composition used was: 
Si(OCH2CH3) 	0.5P 20 : NH2(CH2)6NH2 : 30H0 
This reaction gel had the same Si/Amine ratio as 
employed previously, though less phosphorus was involved. 
The phosphoric acid was weighed into a clean plastic 
bottle and the tetraethoxysilicate (TES) then added. The 
mixture was mixed well and took on the appearance of a 
thick gel. This gel was then diluted with half of the 
water and again mixed. The 1,6—diaminohexane was dissolved 
in the remaining water and was then carefully added to the 
acid mixture with vigorous stirring. It was found that 
while the reaction warmed slighlty the effect was not as 
marked as for previous systems. The gel was then reacted 
both at 120-C and 1500C. After 20 days the reaction was 
cooled and the product recovered by shaking with 
ethylacetate followed by filtration and drying. During the 
crystallisation the pH of the reaction rose from an 
initial value of 7.64 to a final value of 8.04, both of 
these values being higher than for the analogous system 
using silicophosphoric acid. On X—ray powder diffraction 
it was found that the lower temperature reaction yielded 
only an amorphous pattern while the higher temperature 
synthesis gave the pattern shown in figure 5.8. There are 
many similarities between this pattern and that already 
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Figure 5.8 
X-ray powder pattern of the product , SIP-1, after 19 days 
at 150°C of the reaction composition: 









produced for SIP-i and values measured from the two 
patterns are compared in table 5.4. Most of the peaks 
found an the synthesis using salacophosphoric acid are 
present in this new material except for the low angle peak 
at 8.929. This peak has apparently been shifted to lower 
2E) values. The only other peak absent is a very weak 
reflection at 25.62€P. Using tetraethoxysilicate there 
are, however, extra peaks, the likely explanation being 
the presence of a second phase. 
An explanation of why the low angle peak should be 
the only peak absent in the tetraethoxysilicate product is 
not obvious. It could be that both materials are layered 
compounds and that in the tetraethoxysilicate case the 
layers are further apart. On the other hand, it may be 
that the low angle peak in both cases is some sort of 
impurity. This is possible as, for an expanded layer 
system, systematic differences should be observed for more 
then simply the low angle peak. 
Thermal analysis showed that the tetraethoxysilicate 
product lost much more weight than SIP-i on heating to 
900C (48%) (fig. 5.9) . It seems likely that the weight 
loss figure may include loss of some ethanol formed by 
reaction of the acid and the silicate. From XRF analysis 
the Si02/P20 ratio was measured as 0.83, slightly lower 
than that of the SiP-i (0.88), though this may again be 
due to spurious loss of volatilised phosphorus. This ratio 
is lower than that found in the reaction gel signifying 
Table 5.4 
X-ray Powder Pattern of SIP-i 
SIP-i using Si(HPO4 ) 2 SiP-i using SI(OEt)4 
2theta d-space 2theta d-space 
(pm) (*100) (pm) (*100) 
7.7 1148(30) 100.00 
8.9 994(6) 46.58 
15.2 583(2) 27.40 15.2 583(8) 20.00 
15.7 564(2) 3.20 15.7 564(7) 25.00 
17.8 498(2) 8.22 17.8 498(6) 10.00 
18.0 493(2) 5.02 18.2 487(5) 17.50 
19.1 465(2) 4.57 19.1 465(5) 10.00 
20.0 440(1) 12.79 20.0 440(4) 35.00 
20.7 429(1) 5.02 20.7 429(4) 56.67 
21.5 413(1) 79.45 21.6 414(4) 35.83 
21.6 411(1) 79.45 21.8 408(4) 23.33 
22.7 392(3) 30.00 
22.8 390(3) 38.33 
23.7 375(1) 28.31 23.7 375(3) 30.83 
24.0 371(3) 41.67 
24.8 359(1) 100.00 24.8 359(3) 19.17 
25.8 345(3) 13.33 
26.2 340(2) 15.00 
26.7 334(1) 39.73 26.7 334(3) 23.33 
27.2 328(2) 23.33 
29.3 305(1) 9.59 29.4 304(2) 13.33 
30.6 292(1) 10.50 30.6 292(2) 7.50 
32.0 280 7.31 32.0 280(2) 4.17 
33.2 270 9.13 33.2 270(2) 3.33 
34.6 259 3.20 34.8 258(2) 1.67 
35.2 255 4.11 35.4 254(2) 1.67 
35.6 252 2.74 
37.1 242 18.27 37.1 243(1) 2.50 
39.2 230 11.42 39.6 228(1) 5.00 
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Figure 5.9 
Thermal analysis of SiP-1, crystallised at 150°C for 19 
days from the composition: 
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concentration of the phosphorus in the product. Assuming 
that all the organic weight loss may be attributed to the 
1,6-diaminohexane the empirical formula of this material 
IS: 
SiO 2 : 0.73P 20 : 2.95NH2(CH2)6NH2 
This formula should be compared with that previously 
determined for SIP-1: 
3102 : 0.88P 20 : 1.49NH2(CH2)5NH2 
The very large increase in the amount of amine 
present may suggest that there is more cross-linking in 
the framework. This would account for the increase in the 
number of peaks visible in figure 5.8 and the decrease in 
crystallinity. The materials appear to be best described 
in terms of small units containing one silicon and two 
phosphorus atoms, these units being formed into larger 
units by bridging amine molecules. 
On exposure to water, however, the crystal pattern 
was again lost and the material collapsed on thermal 
treatment. The use of the higher pH value, particularly 
the transition from acid to alkali systems, is encouraging 
as the processes for crystallisation are much better 
documented for alkali systems. Using higher pH values 
should promote the formation of frameworks containing 
silicon though it appears that this is not the case with 
these silicophosphates. 
Using this procedure, similar reactions, varying only 
the template, gave various new X-ray powder patterns. 
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Most of these suffered from the problem of 
irreproducibility, very small changes in the reaction gels 
prevented the subsequent formation of the same material. 
The only other new material (designated S1P-2) to be 
repeatedly synthesised was based on the reaction 
composition: 
Si(OCH2CH3)4 : 0.5P 20 : 1.4Dicyclohexylamine : 3H 20 
It is very significant that in this case no extra water 
was added as the dicyclohexylamine was a liquid. The X-ray 
powder pattern is shown in figure 5.10. For the same 
reaction composition, but with the water content increased 
to 30, only an amorphous pattern was obtained. The data 
for the powder diffraction pattern SiP-2 is shown in 
table 5.5. This material was also unstable to both water 
and thermal treatment. 
5.5 Conclueions 
As far as is known this is the first attempt to 
prepare hypothetical microporous molecular sieves based on 
phosphorus and silicon only. During the course of this 
workcrystalline X-ray powder patterns not recorded in the 
literature have been prepared. The materials these 
patterns represent have been repeatedly synthesised. 
Further work on the structures of these compounds would 
require the use of techniques, particularly MASNMR, which 
were not readily available during the course of this work. 




Figure 5. 10 
X-ray powder pattern of the product. S1P-2. after 19 days 
at 1500C, using the reaction composition: 
Si(OEt)4 : 0.54P 20 : 1.25Dicyclohexylamine : 3H20 
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Table 5.5 
X-ray powder pattern of SIP-2 
2theta d-space IlL 
(pm) (*100) 
7.6 1163(15) 32.96 
8.7 1016(11) 25.57 
9.8 903(9) 2.84 
11.2 790(7) 5.68 
13.1 676(5) 5.11 
14.5 611(4) 13.64 
16.9 525(3) 21.59 
17.5 507(3) 10.23 
19.6 453(2) 100.00 
20.6 431(2) 34.09 
22.4 397(2) 18.75 
23.5 379(2) 20.45 
•25.2 353(1) 8.52 
26.4 338(1) 15.91 
27.2 328(1) 7.39 
28.6 312(1) 6.82 
29.2 306(1) 4.54 
30.7 291(1) 2.84 
33.2 270(1) 3.41 
38.6 233(1) 2.28 
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and not unexpectedly were susceptible to attack by water. 
As such their characterisation (SiP-i and SIP-2) as 
microporous materials is difficult. In both cases the 
framework appears to be destroyed both by water and by 
heat. As removal of the organic materials destroyed the 
crystal structures it was not possible to determine the 
states of the silicon and phosphorus, although again this 
could be done using MASNMR. 
It appears that this field will prove very fruitful, 
as is the case with the aluminophosphate molecular sieves, 
and may only require one more step such as the inclusion 
of much higher amounts of silicon to stabilise the 
structures. A small amount of work in this area was 
performed, but the synthesis of materials from reaction 
gels with Si0 2/P20 ratios greater than 0.5 did not yield 
any products. In these cases the ratio was altered by 
addition of more tetraethoxysilicate, which may not have 
completely hydrolysed. This may lend weight to the 
suggestion that both SiP-i and SiP-2 are types of 
amine-phosphorus compounds. 
The crystallisations of all the compounds recorded 
here tend to be much slower than those of the 
aluminophosphates. To satisfactorily cover this field 
techniques which would allow large numbers of reactions to 
proceed simultaneously should be employed. 
It is thought that the materials crystallised here 
could prove extremely useful, the major limitation being 
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that they are difficult to handle. Such problems may not 
prove as intractible for other workers using different 
equipment and techniques. 
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CHAPTER SIX 
SORPTION OF GLYCEROL BY ZSM-5 
6.1 Introduction 
To study the effect of the various framework 
compositions on the sorption properties of microporous 
solids a test reaction which can be applied to all systems 
is required. Typically such a test reaction can be the 
sorption of the same solute by a series of materials, the 
sorption characteristics of the microporous solids can 
then be compared. In this work, sorption from solution has 
been followed by an isopiestic technique, using glycerol 
as the test solute. The first system to be studied was the 
sorption of glycerol from aqueous solution by ZSM-5 
samples prepared with different amounts of framework 
aluminium. Silicalite was also included as it can be 
considered as the end-member of the series. For the 
sorption, study six samples (for which syntheses were 
described in chapter 3) were used. These will be referred 
to as the Si/Al=30. Si/Al=45, Si/Al=60, Si/Al=90 and 
Si/Al=120 ZSM-5 samples and the silicalite sample. 
It was found that for the Si/Al=60 sample 
equilibration times were very long initially and as the 
study proceeded it was obvious that the results were 
non-systematic. This was attributed to a faulty sealing 
ring in the desiccator which at times allowed water 
penetration from the water-bath. Eventually the sealing 
ring failed. The results for the Si/Al=60 sample have 
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therefore been discarded. 
It was found that for the initial results there were 
occasions (for low water activities) when there appeared 
to be negative amounts of water associated with the 
equilibrated zeolites. This is of course unfeasible unless 
there is weight loss, either of glycerol or zeolite, 
during the course of the isopiestic run. It was found 
however that the glycerol used (Aldrich, 99+%), which had 
been open for some time, was now contaminated with 
moisture from the air. The exact concentration of the 
glycerol was determined by application of another 
isopiestic technique: 
Roughly equal amounts of contaminated glycerol 
were accuratley weighed into small glass 
bottles. 
Quantities of water were added to each sample. 
The bottles were placed in a metal block in a 
dry-seal desiccator, evacuated and left to 
equilibrate over saturated LiCl solution 
(a=0. 1100) 
The equilibrations were continued until constant 
weight was achieved. 
It was assumed that by this stage all of the 
water had been removed, the resultant weight of 
glycerol in each bottle combined with the 
initial weight of glycerol solution was used to 
determine the amount of water contaminant. 
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It was found that there was 3.010.06% water in the 
glycerol. To check this value the above procedure was 
repeated using P 20 as the desiccant. Comparable results 
were obtained. 
6.2 Initial Isopiestic Graphs 
From the equilibrium weights of each of the samples 
in the desiccators, the V—shaped plots described in 
chapter 2 were obtained. An example of a plot is shown in 
figure 6.1 for the Si/A145 sample, the equations for the 
solid and liquid phase lines of this and all the other 
systems are listed in Appendix A. In this figure S-I'O-I-/MZEO 
is the total amount of added solute per gram anhydrous 
zeolite and W-ro.r/MZEc, is the measured value of the total 
water present per gram anhydrous zeolite at equilibrium. 
The lines drawn on figure 6.1 were calculated using a 
least mean squares program. There are a number of points 
worth noting: 
Changing the saturated salt solution changes the 
water activity in the desiccator. BaC12 has a water 
activity of 0.9019 while that of LiC1 is 0.1105. 
Moving down the series of salts shown in the key 
causes the water activity within the desiccator to be 
reduced. 
The gradients of the lines on the right hand side of 
the graph, the solution phase lines, become less 
steep as the water activity reduces. The gradient is 
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Figure 6.1 
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inversely proportional to the concentration of the 
solution phase. As the water activity is reduced the 
solution phase becomes more concentrated. The 
gradient is always positive as solutions cannot have 
negative concentrations. Simplistically, the 
isopiestic technique can be thought of as 
equilibrating the zeolite system over increasingly 
concentrated glycerol solutions. 
3. The solid phase lines on the left hand side of the 
graph show how the intracrystalline water contents 
vary as glycerol enters the zeolite. In this example 
the gradients are always negative and it may be 
concluded that each entering glycerol molecule 
displaces a fixed number of water molecules. This 
value can easily be calculated from the gradients of 
the lines. In the example for Si/Al=45 (fig.6.1) it 
can readily be seen that the gradients of the six 
lines, representing the different water activities, 
run almost parallel. This would suggest that for all 
water activities glycerol displaces a constant number 
of water molecules. 
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It was found that the number of water molecules 
displaced by each entering glycerol molecule were: 
salt. 	 water 	 water molecules 
sol. activity 	 displaced per 
glycerol 
BaC12 	 0.9019 	 1.05 
KC1 	 0.8426 	 1.05 
NaCl 	 0.7528 	 0.97 
NaBr 	 0.5770 	 1.07 
MgC1 2 	 0.3300 	 0.70 
LIC1 	 0.1100 	 0.45 
For the four highest water activities therefore, the 
same number of water molecules (1.040.04) are 
displaced per entering glycerol molecule. Over MgCl2 
(aw=0.3300) the glycerol is less effective at 
displacing water. This is most likely because of the 
low water content of the zeolite, there being very 
few molecules which could be displaced. The number of 
water molecules displaced per glycerol appears to be 
very low considering that a glycerol molecule is much 
larger than a water molecule. There are at least two 
possible explanations for this: 
(a) The pores of the zeolite are not initially full 
of water. The number of water molecules per unit 
cell can be calculated from the intersection of 
the solid phase line with the Y—axis. By 
studying the sample which has no glycerol added 
the effect of lowering the water activity within 
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the desiccator can be measured. In the Si/Al=45 
example the maximum number of water molecules 
per unit cell was found to be 23 (using BaC1 2 as 
the saturated salt solution, water activity 
0.9019). The inclusion of 23 water molecules in 
the pores of ZSM-5 leaves sufficient unfilled 
space for glycerol to enter without the need to 
displace water. As the water activity in the 
desiccator is reduced, there is a corresponding 
reduction in the water content of the zeolite. 
When MgC1 2 (aw=0.3300) is used to control the 
water activity, the water content of the zeolite 
falls to approximately 11 water molecules per 
unit cell. The reduction in the water activity 
itself therefore creates more unfilled space and 
leaves room for an increased number of glycerol 
molecules. 
(b) There is no reason to suppose that the water 
molecules in the final equilibrium situation are 
those which were originally occluded. As a 
glycerol molecule enters it is likely that it 
brings a form of hydration shell (probably 
hydrogen bonded water in this case) into the 
pores. This would then cause the expulsion of 
water already in the pores but in the final 
analysis there will only be a very small 
apparent change in the water content. 
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It was found that for the range of materials used, 
water was usually expelled from the pores by the entering 
glycerol. The only exception to this was in the case of 
the silicalite sample equilibrated over saturated BaC1 2 
solution (aw=0.9019) . With no glycerol present this sample 
had a water content of 13 water molecules per unit cell. 
Each entering glycerol molecule caused a small increase of 
approximately 0.1 water molecules. This provides some 
evidence that glycerol molecules take a solvation shell of 
water molecules into the zeolite. The water contents of 
the glycerol-free ZSM-5 samples were discussed in chapter 
3. 
The number of water molecules displaced from the 
pores by each glycerol molecule was found to depend on the 
aluminium content of the zeolite framework. Figure 6.2 
shows that as the amount of aluminium in the framework 
increases so does the amount of water displaced by the 
glycerol. The straight line shown is the calculated best 
fit line from least mean sqaures analysis. This line has 
only been used as a qualitative measure of the 
relationship, as its exact gradient depends on the 
accuracy of the two points for lowest water activity. The 
water contents of the glycerol-free samples were also 
shown to vary with aluminium content due to the change in 
hydrophilic character. As the aluminium content and hence 
the framework charge increases then the zeolites become 
more hydrophilic. Thus the water content increases and the 
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Figure 6.2 
Number of water molecules displaced per sorbed glycerol 
molecule as a function of aluminium content per unit cell 
for ZSM-5 
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unfilled space in the zeolitic pores must decrease. An 
entering glycerol molecule will therefore necessitate the 
expulsion of more water molecules in order to accomodate 
it. This idea of unfilled space within the pores would 
account for the low numbers of water molecules displaced 
per glycerol. 
6.3 Point of Maximum Glycerol Uptake 
Arguably the most important point on each pair of 
intersecting lines in figure 6.1 is the actual point of 
intersection. This point describes the intracrystalline 
contents of every sample lying to the right of it on the 
graph. From this point the maximum uptake of glycerol can 
be measured and also the corresponding amount of water 
occluded in the pores. Careful examination of figure 6.1 
shows that as the water activity in the desiccator is 
lowered then more glycerol is imbibed by the zeolite. This 
is as expected as the zeolitic samples are being 
equilibrated with increasingly concentrated glycerol 
solutions. More glycerol must be imbibed to maintain the 
equilibrium between glycerol in the zeolitic phase and 
glycerol in the solution phase. The intersection point may 
conveniently be calculated from the equations for the 
solid and liquid phase lines. The results for glycerol 
imbibed and the accompanying water are expressed as 
percentages by weight of dry zeolite and are tabulated in 
table 6.1. For the lowest water activity (using LiCl, 
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Table 	6.1. 
Uptake of Glycerol and Water by ZSM-5 
BaCl Xci NaCl 
Zeolite UCLY U UW U0- u 
Si/Al= 30 10.3 4.64 11.5 3.95 13.5 3.86 
Si/Al= 45 12.1 4.13 13.9 3.22 15.4 2.58 
Si/.l= 	90 12.4 2.81 14.3 2.67 15.5 1.60 
Si/Al=120 12.5 3.63 14.0 3.09 15.1 2.19 
Silicalite 12.8 4.07 13.9 2.96 15.9 2.66 
NaBr MgC12 LiC1 
Zeolite UGLY Uw UGLY Uw UGLY Uw 
Si/Al= 30 13.9 2.61 15.2 1.71 18.7 0 
Si/Al= 45 16.9 1.26 18.8 0.67 24.4 O 
Si/Al= 90 17.7 1.09 18.8 0.06 27.3 0 
Si/Al=120 17.8 1.32 18.1 0.72 24.5 0.08 
Silicalite 17.0 2.35 17.2 1.69 22.8 1.36 
Saturated salt solution used to control vapour 
pressure 
Maximum uptake of glycerol 
[100 * (g glycerol)/(g anhydrous zeolite)] 
Uptake of water at intersection point 
[100 * (g water)/(g anhydrous zeolite)) 
Difficult to determine, essentially zero, may be 
lower due to experimental error. 
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a=0.1100) it was often found to be very difficult to 
determine the water content. This is because these samples 
have very low water contents and the associated errors are 
consequently very large. It seems that for the more 
aluminous samples the pores can be filled with glycerol 
alone, and that there is no need for water to be present. 
With silicalite however it appears that the zeolite always 
contains water. This may be because the water is required 
at silanols or lattice fault sites within the framework. 
Such sites would exhibit hydrophilic character and would 
bind water more strongly. These sites perhaps cannot be 
accessed by the larger glycerol molecules. 
To compare samples it is often easier to present the 
results in terms of molecules per unit cell and these are 
shown in table 6.2. The results can then be considered in 
relation to the number of aluminium centres per unit cell. 
Figure 6.3 shows how the number of glycerol molecules at 
maximum uptake varies as a function of aluminium content 
for equilibration over saturated LiCl solution 
(aw=O.11OO). Similar plots are obtained for other water 
activities. From these it seems that most glycerol is 
sorbed by molecular sieves containing in the region of one 
aluminium per unit cell. Values which differ from this 
optimum condition have lower maximum uptakes of glycerol. 
At higher aluminium contents it appears that the maximum 
glyceroldecreases and the water uptakes increase. This 
could be explained if it is assumed that the acid sites 
Table 6.2 
Unit Cell Compositions For Maximum Glycerol Uptake 
BaC12 KC1 NaCl 
Zeolite Glyb Water Gly Water Gly Water 
Si/A1= 30 7.19 15.57 8.14 13.16 9.77 12.85 
Si/A1= 45 8.62 13.79 10.11 10.65 11.40 8.47 
Si/Al= 90 8.86 9.25 10.45 8.78 11.48 5.20 
Si/A1=120 8.94 12.05 10.19 10.20 11.14 7.16 





























Saturated salt solution controlling vapour pressure 
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d. Not determined, assumed to be zero 
Figure 6.3 
Uptake of glycerol by ZSM-5 over a saturated solution of 
LIC1 (8w=0.1100). in terms of molecules per unit cell as a 
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associated with the aluminium are preferentially solvated 
by water which is not displaced by glycerol. Thus as the 
aluminium content increases, more of the void space is 
taken up by the water and there is less space available to 
the glycerol. 
Below one aluminium per unit cell the number of 
glycerol molecules sorbed also appears to fall off. In the 
region of 0 to 1 aluminium per unit cell a relatively 
small proportion of the water is associated with acid 
sites, it can therefore be readily displaced by glycerol 
molecules which being polar prefer hydrophilic 
environments to the hydrophobic environment of the 
silicalite. Hence as the aluminium content increases so 
the uptake of glycerol increases. This will continue until 
the Al content of the framework reaches about 1 Al per 
unit cell, thereafter the glycerol content decreases for 
the reason given earlier. 
If the total number of molecules (i.e. total of water 
and glycerol) are considered, then the situation is more 
easily interpreted (fig. 6.4). It appears that there is a 
linear correlation between aluminium content and the 
number of molecules imbibed per unit cell for 
equilibration over LiCl. As the total number of molecules 
taken up decreases with aluminium content, it might appear 
on first sight that the aluminium blocks the zeolite 
pores. It could then be concluded that the aluminium was 
in fact not in the framework. This argument is nullified 
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by the finding that the water contents of calcined samples 
of the zeolites varied linearly with the aluminium 
content. 
Figure 6.5 shows how the number of water molecules 
per unit cell increases linearly with aluminium content, 
calculated from the thermal analysis results in chapter 3 
where the zeolites were equilibrated over saturated NaCl 
solution (a=0.7528) . From this graph it can be determined 
that the inclusion of each aluminium causes the number of 
water molecules in the unit cell to increase by 5.6. The 
picture for the mixed water and glycerol system is however 
different (fig. 6.4); each aluminium in the unit cell 
reduces the total number of molecules sorbed by 2.6. By 
this stage it may represent the maximum filling of the 
pores, as the ratio of water/glycerol decreases the same 




Number of water molecules per unit cell of ZSM-5 
calculated from thermal analysis of zeolite5 equilibrated 
over saturated NaCl solution (aw=0.7528) and shown as a 
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6.4 Effect of Solution Phase Molality 
The isopiestic technique was previously described in 
this chapter as akin to equilibrating the zeolite over 
increasingly concentrated glycerol solutions. From the 
gradient of the solution phase line the molality of this 
phase can be calculated. It is usually found that the 
solution phase over LiCl contains very little water. At 
this stage it is possible for the zeolite crystals to be 
in contact with a pure solute phase, whose molality has no 
meaning. Only the results for water activities down to 
that of MgC12(aw=0.3300) have been used to calculate 
solution phase molalities, these are tabulated in 
table 6.3 
Figure 6.6 shows how glycerol uptake varies with 
solution phase molality for ZSM-5 with 9i/A1=30 and 
silicalite. As a solution phase containing no glycerol 
cannot lead to any glycerol uptake the point (0,0) has 
also been included. It can be seen that the points lie on 
a smooth curve, reminiscent of the Langmuir adsorption 
isotherm which in the present situation can. be written as: 
= (UMAX k K * m)/(1+K * m) 
where U.y represents the uptake of glycerol, UMAX is the 
maximum uptake, m is the molality of the glycerol in the 
solution phase and K is a constant related to the binding 
of the sorbate to the zeolite. With this equation it is 
possible to use a linear regression technique to determine 
the best fit curve and hence the values of UMAX and K2 . 
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Table 6.3 
Solution Phase Molalities 
Saturated Water Glycerol Standard % Error 
Salt Activity Molality Deviation 
BaC1 2 0.9019 5.25 0.04 0.76 
KC1 0.8426 8.62 0.09 1.04 
NaC1 0.7528 14.25 0.33 2.32 
NaBr 0.5770 28.58 0.68 2.38 
MgC1 2 0.3300 75.32 4.20 5.58 
Figure 6.6 
Uptake of glycerol [100U GLY  (gg 1 anhydrous zeolite)] as a 
function of external solution phase molality (mol kg) 
for the imbibition of glycerol in ZSM-5 (Si/Al-30) and 
silicalite. Curves shown are derived from the Langrnuir 
equation: 
MI 












08 	,_ 	 I 	 I 
0 20 60 	80 
External Solution Phase Molality (mol kg) 
= ZSM-5 (Si/Al= 30) 
0 = Silicalite 
4I'4Ir] 
292 
These values are shown in table 6.4. 
All five systems were found to be adequately 
described in terms of this Langmuir equation. This 
suggests that in the equilibrium situation there is 
monolayer coverage of the internal framework by glycerol. 
It must be remembered however that in materials with 
pores, a single species in the centre of the pore 
effectively covers the surrounding framework on all sides. 
It is often found that materials sorbed into the pores 
bridge the entire channel width and never form a true 
monolayer. It is not possible to determine internal 
surface areas from these measurements. 
Using space filling models, the dimensions of a 
glycerol molecule were determined as approximately 
580pm * 490pm * 410pm. The total channel length in a unit 
cell of MFI type materials has been determined (1) as 
8810pm (including intersections) . If the glycerol units 
are aligned so that the shortest axis runs parallel with 
the channels then there could be a maximum sorption of 
21.5 molecules per unit cell. It seems that the glycerol 
would be a tight fit to the channel system if this were 
the case, particularly for the glycerol axis of 580pm. It 
may be that there are alternative configurations which 
would allow this molecule to enter and thermal vibration 
of the framework would also help. From the isopiestic 
results it was found that a maximum of 23.5 glycerol 
molecules were occluded (Si/Al=90, aw=0.1100). In the 
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Table 6.4 
Parameters Derived From Langmuir Equation 
UGLY = (UMAx * K * m)/(1 + K * m) 
Zeolite 	 100Ux 	 K 
(gg 1 ) (kg mo1 1 ) 
Si/Al= 30 	 15.61_0.6 	 0.37/-0.08 
Si/Al= 45 	 19.3/-0.6 	 0.30/-0.04 
Si/Al= 90 	 19.1/_0.5 	 0.35/-0.05 
Si/A1=120 	 18.8/-0.9 	 0.34/_0.09 
Silicalite 	 18.0/_0.6 	 0.46/_0.10 
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intersections, glycerol molecules may pack in a different 
manner and account for the small excess over the 
theoretical maximum. With all the other samples the 
maximum uptake was lower than the theoretical maximum. 
This is important particularly for the Si/Al=30 system 
where there was essentially no water present at 
equilibrium with aw0.1100. Here it seems that the 
aluminium in the framework must prevent the theoretical 
maximum for glycerol uptake from being reached. Hence 
depending on the equilibration conditions a complete range 
of sorbate compositions, from water to dry glycerol are 
possible. 
The parameter K in the Langmuir equation is related 
to the strength with which the sorbate molecules are held 
in the pores (fig. 6.7). As there is a substantial error 
associated with these K values (table 6.4) there is some 
doubt about the dependence of the Al content of the 
framework. Nevertheless figure 6.7 suggests that the 
glycerol interacts most strongly with the organophilic 
zeol ites. 
It is possible to calculate the internal molality of 
the glycerol, knowing the maximum uptake and the 
associated water uptake. This can be determined for each 
molality of the external phase (table 6.5). Again with 
very low water activities, little water was found within 
the pores of the zeolite. In these situations the zeolite 
contains an almost pure liquid phase of glycerol,and their 
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Figure 6.7 
Variation of the Langmuir constant K with aluminium 
content per unit cell of ZSM-5. 
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Table 6.5 
Internal Molalities (mi. mol kg -1 ) of Glycerol in ZSM-5 
Zeolite BaC12 KC1 NaCl 
Si/Al= 30 24.13 31.65 38.02 
Si/Al= 45 31.85 46.92 64.88 
Si/Al= 90 47.97 58.22 105.30 
Sa/Al=120 37.43 51.41 74.95 
Silicalite 34.18 51.01 64.97 
Zeolite NaBr MgC12 
Si/Al= 30 57.89 96.62 
Si/Al= 45 145.79 305.00 
Si/Al= 90 176.51 - aL 
Si/l=120 146.57 116.41 
Silicalite 78.63 110.63 
- Glycerol appears dry, molality cannot be determined. 
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internal molalities are meaningless. 
A plot of internal molality against aluminium content 
is shown in figure 6.8. This example is for equilibration 
over saturated NaBr solution (a=0.5770) but exactly the 
same relationship was found for the other water activities 
studied. This suggests that in these systems the internal-
molality is determined primarily by the aluminium content. 
High aluminium contents exclude glycerol from the pores 
thus leading to low internal molalities. It has also been 
mentioned that the silicalite system always contained more 
water than expected and this was rationalized in terms of 
the need to stabilise silanol sites in the framework. This 
also lowers the internal molality. Figure 6.8 can 
therefore be explained as follows: 
As the amount of aluminium in the zeolite 
increases then the possibility of lattice faults 
which generate silanols is reduced. This 
therefore leads to a decrease in the amount of 
water necessary to stabilise such sites and a 
concordant increase in solution molality. As the 
amount of aluminium is further increased the 
glycerol is prevented from occupying the void 
space by the hydrated acid sites. This has the 
effect of reducing the molality. It is therefore 
not unexpected to find that the molality passes 
through a maximum, which in this case correponds 
to the Si/Al=90 system, although more points on 
Figure 6.8 
Internal molality of glycerol in ZSM-5 as a function of 
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Figure 6.9 
Internal molality (m1) of glycerol in ZSM-5 (Si/Al=90) and 
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the graph would be required to optimize the 
conditions. 
The differences between the zeolites are further 
illustrated by considering the variation in internal 
molality as a function of external molality (fig. 6.9). 
With ZSM-5 (Si/Al=90) there is a straight line correlation 
while the si].icalite appears to show that a maximum value 
of internal molality can be reached. 
6.5 Correlations with Water Activity 
It has been pointed out that reducing the water 
activity within the desiccator during equilibration is 
equivalent to increasing the molality of the external 
solution phase. As the molality depends upon the water 
activity then using the same saturated salt solutions for 
all isopiestic runs should yield the same glycerol 
molalities. Table 6.3 shows the external solution phase 
molalities, calculated from the average of the values for 
all five zeolite samples. As expected, higher molalities 
have much higher errors. The experimentally determined 
factor during an isopiestic run is the water content of 
each sample, this is of critical importance in determining 
solution phase concentrations. As the solution phase 
becomes more concentrated then there is less water in the 
system and the error in determining this increases. 
Figure 6.10 shows the relationship between glycerol 
molality and water activity. The smooth curve which can be 
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Figure 6. 10 
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drawn through all the points suggests that the actual 
errors in in are in fact less than those given in 
table 6.3. Initially, lowering the water activity causes a 
slight increase in the glycerol molality as only a small 
amount of the water in the solution phase need be removed. 
As the glycerol becomes more concentrated the effects of 
removing even small amounts of water become more marked. 
Lowering the water activity also has the effect of 
distilling water from the pores of the zeolite. Figure 
6.11 shows how the water content of the glycerol-free 
sample (Uw) of Si/A145 varies during the complete 
isopiestic run. For samples which also contain glycerol 
(U) the effect is more marked. This is due to a 
combination of the water activity lowering and entering 
glycerol molecules expelling more water from the pores. 
Initially, the water uptake of samples containing glycerol 
varies more rapidly with water activity than it does for 
those without glycerol. It seems that at the early stages 
both processes which cause a decrease in water content 
(lowering the water activity and entering glycerol 
molecules expelling water from the void space) are 
occurring in tandem. For lower water activities however, 
the curves appear to become more similar in nature as by 
this stage there is little water left and the lowering of 
the water content appears to be dominated by the change in 
water activity in the desiccator. Similar curves were 
found for all the samples. 
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Figure 6. 11 
Variation in the uptake of water by ZSM-5 (Si/Al=45) as a 
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Franklin et a] (2) have noted the variation in 
internal molality of galactose in zeolites as a function 
of water activity. They have used this to describe 
different types of zeolite-sorbate interactions. In this 
paper they provide two important equations derived from 
curve fitting which have been adapted for the glycerol 
systems in this work: 
P'EULY/(UMAX - Ucy1[aw/(1 - aw)) 
where aw represents the water activity, UGLy the 
glycerol uptake and UMAX the theoretical maximum 
glycerol uptake for aw=O. 
Q=[m1/(m1° - m11 taw/(l - aw) 
Where mi represents the internal molality at 
water activity aw and m 1 represents the 
internal molality for aw=O 
P and Q are both constants and the calculated values 
are listed in table 6.6. It was found that for the lowest 
water activity-all the glycerol uptakes were higher than 
expected, and in order to obtain a good fit to the 
experimental results it was necessary to exclude these 
points. There is no apparent explanation why this should 
be necessary. The value of P was determined for all the 
systems, the resultant curves gave a very good fit to the 
actual data, as for example in the Si/Al=45 system shown 
in figure 6.12. 
The equation involving Q however only provided a 
reasonable fit for the data from the Si/Al=30 and 
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Table 6.6 
Values for the Constants P and Q 
Sample P 100UMAX Q 
(gg') (mol kg) 
Si/A1= 30 17.77 15.39 1.45 0.126 
3i/Al= 45 15.30 18.86 -CL -CL  
Si/A1= 90 20.35 17.99 -OL -CL  
Si/A1=120 17.08 18.63 -aL -OL  
Silicalite 22.48 17.78 3.41 0.122 
- Could not be determined, refer to text. 
306 
Figure 6.12 
Glycerol uptake in ZSM-5 (Si/Al-45) as a function of water 
activity. The curve is derived from the equation: 
P 	(UGLy / (U 	- UGLV)][aW / (1 - aw)] 
cii 
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silicalite systems, though visual inspection shows that 
the two curves have different characteristics (fig. 6.13). 
It is thought that these typify two different processes: 
The curve for Si/Al=30 shows that the limiting 
internal molality is quickly reached as the 
glycerol molecule take up positions remote from 
the framework charge. 
For silicalite there is a much more gradual 
increase in the internal molality. This is 
explained by assuming that the glycerol content 
quickly reaches a maximum as shown by the 
figures in table 6.2 but the internal water is 
more tightly bound and requires more significant 
lowering of water activity for it to be removed 
from the pores. 
The results for other systems do not appear to fit 
either model. For example figure 6.14 shows the results 
for Si/Al=120. From this it appears that the maximum 
internal molality could be unrealistically high. It also 
shows that the data define a line which curves in the 
opposite direction to that for Si/Al=30 and silicalite. 
6.6 Thermal Analysis 
Although the isopiestic technique has now been used 
in a number of sorption studies using zeolites, there have 
been no measurements by independent techniques with which 
to corroborate the findings. It was thought that after the 
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Figure 6.13 
Variation of internal molality (m1) with water activity 
for glycerol uptake in ZSM-5 (Si/Al=30) and silicalite. 
Curves are derived from the equation: 
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Figure 6.14 
Internal molality (m1) of glycerol in ZSM-5 (Si/Al=120) as 
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isopiestic equilibrations were complete then it should be 
possible to use simultaneous thermal analysis to confirm 
the measured results. 
Unfortunately for the glycerol system it was found 
that the weight losses due to the glycerol and the water 
overlapped to a large extent and it was difficult to 
separate them to make direct comparison with the 
isopiestic results. This is illustarted in figure 6.15 
which is typical of the thermal analysis results obtained. 
From the differential thermal analysis (DTA) trace two 
endotherms and one exotherm are visible. The exotherm is 
undoubtedly due to the combustion of the glycerol. It 
seems likely that the first endotherm represents the water 
external to the zeolite crystals. The second endotherm is 
therefore representative of the water occluded in the 
pores at isopiestic equilibrium. This water is desorbed at 
higher temperature as it is stabilised within the pores. 
The weight trace for this endotherm would however suggest 
an anomalously high value. It would also then appear that 
there was significantly less glycerol in the sample than 
had initially been added. This may suggest that the 
glycerol was not sufficiently involatile for study, but 
the thermal analysis of the glycerol-free sample showed no 
trace of organic material. It therefore seems much more 
likely that the large weight loss is due to a combination 
of water and organic loss which are very difficult to 
separate. 
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Thermal analysis profile (DTG, TGA and DTA) of glycerol in 
ZSM-5 (Si/Al=45) after equilibration over saturated LiC1. 
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In the isopiestic technique the only measured 
parameter is the total water content. From thermal 
analysis the total weight loss to 900C could be 
determined. The amount of glycerol initially added to each 
sample could then be subtracted leaving the desired water 
values. It should then be possible to plot V-shaped 
imbibition graphs. Figure 6.16 shows the results for ZSM-5 
with Si/Al=45, the only system which produced reasonable 
results. This figure bears a very good resemblence to the 
expected result. In all the samples analysed however the 
water contents were significantly higher than expected. 
The main reason for this is that the final equilibration 
took place over saturated LiC1 solution (aw=0.1100), the 
samples start to pick up atmospheric moisture as soon as 
they. are opened and certainly while in the flowing gas 
atmosphere in the thermal analyser. It is probably due to 
this that the other systems were difficult to analyse. It 
appears to be a matter of chance that with Si/Al=45 the 
samples all gained water at the same rate. 
Figure 6.16 does however provide some confirmation 
that the isopiestic technique is satisfactory and indeed 
it is far more accurate than thermal analysis. 
In the same way as before various parameters can be 
determined from this graph (fig. 6.16) and they are 
compared with the results from the isopiestic study in 
table 6.7. It is encouraging to find that the glycerol 
uptakes are in close agreement as this further suggests 
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Figure 6.16 
Isopiestic-type graph generated from thermal analysis 
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Table 6.7 
Comparison of Results From Thermal 
Analysis and Isopiestic Technique 
Parameter 
Glycerol uptake (max) 
Water uptake 
U WIC, 
External Molality (mol kg') 







79.25 	 73.58 
0.8 	 0.4 
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that the glycerol was involatile throughout the 
equilibrations. The major differences between the two sets 
of results can all be attributed to water gain during 
preparation of the samples for thermal analysis. 
6.7 Conclusions 
It has been shown that an isopiestic technique can be 
successfully employed in the study of glycerol sorption by 
zeolites. Using a series of ZSM-5 samples with differing 
amounts of aluminium has allowed the change in sorption 
properties with change in framework composition to be 
studied. From this it appears that sorbed glycerol 
molecules behave as 'true organic molecules', being 
attracted to hydrophobic, organophilic species. 
An increase in framework aluminium content leads to a 
decrease in glycerol uptake, but silicalite contains less 
glycerol than anticipated and it is believed that this is 
due to framework silanols or lattice faults. The internal 
molality of the glycerol appears to be a very important 
parameter as its dependence on water activity is very 
sensitive to the Si/Al ratio of the zeolitic framework. 
The uptake of glycerol also shows a marked dependence on 
the Si/Al ratio and thus gives a maximum at approximately 
one aluminium per unit cell. 
It has also be shown that results obtained from 
isopiestic systems are consistent with those obtained by 
thermal analysis techniques. However. thermoanalytical 
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studies are often experimentally difficult for sorptive 
equilibria at low water activities. Nevertheless such 
studies lend support to the isopiestic measurements. 
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CHAPTER SEVEN 
SORPTION OF GLYCEROL BY SILICALITES 
7.1 Introduction 
Chapter six dealt with the change in sorption 
properties of MFI type molecular sieves with the variation 
in aluminium content. Charge balancing cations occluded in 
the frameworks are also expected to be important. These 
cations are not framework species and therefore must 
affect the pore volume available for sorbed molecules, as 
well as altering the hydrophilic/organophobic nature of 
the materials. In order to successfully attribute effects 
on sorption properties to occluded cations, it is 
necessary to have as uniform a framework structure 
composition as possible. For simplicity, pure silica 
frameworks were chosen. Although this implied that there 
would be a very low concentrat•ion of charged species in 
the pores after synthesis, it was thought that the effects 
on sorption behaviour of cations would be particularly 
interesting as they are associated with lattice defects, 
for example: 
Si-O M HO-Si 
where M represents the different cations. 
Five different silicalites were used and will be 
referred to in terms of the ions expected to be in the 
pores. videlicit H. Na, K, Cs and Ba 2 . 
Kinetic studies are d-ifficult using the isopiestic 
technique as it is almost impossible to determine the 
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exact moment that isopiestic equilibrium is reached. In 
broad terms, however, it was found that H and Na samples 
reached equilibrium fastest, with the Ba 2 sample taking 
considerably longer. Over high water activities the H and 
Na reached equilibrium in approximately two weeks, the 
equilibrations becoming faster as the water activity was 
lowered until, over saturated LiCl solution (aw=0.1100), 
equilibrium could be reached in two days. 
With the Ba—silicalite the first equilibration took 
almost five weeks and during this time the weights 
oscillated quite markedly around the final values. Even 
for the much lower water activities the equilibrations 
were found to be slow, taking up to two weeks. The final 
equilibrium weights however were reproducible and the 
final equilibrium results appeared to be entirely 
satisfactory (and where appropriate, gave good straight 
lines) . Thus it appears that whilst equilibration kinetics 
are slow, a true equilibrium is eventually achieved. 
7.2 Initial Isopiestic Results 
An example of one of the isopiestic graphs is shown 
for the Na sample as figure 7.1; the equations for the 
best fit lines for this and the other silicalites are 
given in Appendix B. It was found that with all the 
silicalite samples the data appeared to fit extremely well 
to the two straight lines expected for each water 
activity. The lines shown in figure 7.1 are the calculated 
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Figure 7.1 
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best fit lines using a least mean squares analysis. Indeed 
the fit appeared to be better than those of the aluminous 
forms studied in chapter six. Over BaC12, the points for 
Na-silicalite were found to deviate from the best fit 
straight lines by an average of 2.01*10-3 (gg-1 anhydrous 
zeolite, in the measured value of the water present) and 
those for ZSM-5 Si/Al=30 by an average of 2.54*10_3 gg 1 . 
An idea of the precision of the isopiestic technique can 
also be gained from the fact that glycerol uptakes can be 
determined to around 0.002gg- dry zeolite. 
The major difference between the ZSM-5 samples 
previously studied and the silicalites used here is seen 
to be in the gradient of the solid phase lines. The 
aluminous MFI materials always exhibited negative slopes 
(water expelled by each entering glycerol). The 
H --si.licalite only gave a positive slope for equilibration 
over BaC12 (a0.9019), but the silicalites all showed 
positive slopes for the higher water activities (>0.5770). 
In these cases every entering glycerol increased the unit 
cell water content. This suggests that the glycerol 
provides a hydrophilic environment within the zeolite 
pores. For even lower water activities, K-silicalite 
continued the trend of water gain per entering glycerol 
down to the water activity of saturated NaBr (aw0.5770) 
solution. Over saturated MgCl2 (aw0.3300) solution all 
systems showed negative slopes, corresponding to the 
expulsion of water by glycerol. 
322 
The high quality of the isopiestic plots allowed the 
ready determination of the unit cell compositions from the 
positions of maximum glycerol uptake. It was found that 
over LiC1 both the solid phase and liquid phase lines were 
very flat and the intersection point could not easily be 
determined without a very large error. As this was true 
for all the systems studied, only results down to a water 
activity of 0.3300 (saturated MgC12 solution) will be 
considered. The uptakes of water and glycerol for each 
water activity are listed in table 7.1, with the 
corresponding unit cell compositions, down to the water 
activity of saturated MgC12 solution (aw0.3300), shown in 
table 7.2. 
It was also possible to calculate the water content 
for the glycerol-free sample in each system. Hence the 
change in water content per imbibed glycerol could be 
calculated and is shown in the right hand column of table 
7.2. This will be referred to as the 'change in water 
content factor' 
The water content of the glycerol-free samples can be 
used as a measure of the hydrophilicity of the different 
silicalites. In decreasing order of hydrophilicity the 
silicalite samples may be ordered thus: 
H > Ba 2 > Cs > K > Na 
If the silicalites are arranged in order of 
decreasing cation content (chapter 3) then the order 15: 
Ba 2 > Cs > K > Na 
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Table 7. 1. 
Uptake of Glycerol and Water by Silicalites 
BaC12 XCI NaCl 
Silicalite 	UoLy U. U0 Uw UGLY UW 
12.8 4.07 13.9 2.96 15.9 2.66 
Nal 13.6 3.73 15.5 3.10 16.3 2.67 
13.4 4.24 15.2 3.78 16.6 2.88 
Cs 13.1 3.72 15.2 3.43 16.3 2.36 
Ba 2 9.7 6.91 10.4 3.86 12.3 3.19 
NaBr 	MgC12 	 LIC1 
Zeolite 	Uoi.v 	Uw 	 Uw 	Uci.y 	Uw 
17.0 	2.35 	17.2 	1.69 	22.8 	1.36 
Na 	 16.9 	1.53 	22.3 	0.53 	_d 
18.9 	2.05 	21.0 	0.59 	- 	- 
Cs 	 18.7 	1.72 	20.9 	0.43 	- 	- 
Ba 2 	 13.3 	2.25 	18.1 	1.06 	19.4 	- 
Saturated salt solution used to control vapour 
pressure 
b Maximum uptake of glycerol 
[100 * (g glycerol)/(g anhydrous zeolite)] 
Uptake of water at intersection point 
[100 * (g water)/(g anhydrous zeolite)] 
Difficult to determine due to slopes of the two lines 
used to calculate intersection point. 
Difficult to determine, essentially zero. 
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Table 7.2 
Water and Glycerol Contents Per Unit Cell For Silicalites 
Hydrogen-si 1 ical ite 
Sat.Sol. Uw UGLY Change in water 
Content 
BaC1 2 13.47 13.58 9.19 +0.01 
KC1 12.09 9.76 10.11 -0.23 
NaCl 11.23 8.74 11.84 -0.21 
NaBr 10.99 7.70 12.82 -0.26 
MgC1 2 8.64 5.50 13.01 -0.24 
Sodium-silical ite 
BaC1 2 6.77 12.40 9.86 +0.57 
KC1 5.63 10.24 11.48 +0.40 
NaCl 5.82 8.78 12.19 +0.24 
NaBr 5.56 4.97 12.73 -0.05 
MgC1 2 4.58 1.71 17.97 -0.16 
Potassium-si 1 ical ite 
BaC1 2 8.08 14.17 9.69 +0.63 
KC1 6.77 12.57 11.22 +0.52 
NaCl 6.25 9.49 12.46 +0.26 
NaBr 6.05 6.70 14.59 +0.04 
MgC1 2 5.06 1.90 16.64 -0.19 
Caesium-si 1 ical ite 
BaC1 2 8.56 12.36 9.44 +0.40 
KC1 8.13 11.37 11.22 +0.29 
NaCl 7.35 7.73 12.19 +0.03 
NaBr 6.28 5.60 14.40 -0.05 
MgC1 2 5.63 1.38 16.54 -0.26 
Barium-silicalite 
BaC1 2 12.43 23.75 6.73 +1.68 
KC1 11.18 12.85 7.27 +0.23 
NaCl 10.31 10.54 8.78 +0.03 
NaBr 9.08 7.37 9.60 -0.18 
MgC1 2 7.51 3.43 13.84 -0.29 
number of water molecules per unit cell for the 
glycerol-free system 
b number of water molecules per unit cell 
for maximum glycerol uptake 
maximum number of glycerol molecules per unit cell 
d. change in number of water molecules per unit cell 
caused by each entering glycerol. Positive indicates 
an increase over the glycerol-free sample. 
325 
and a direct correlation is obvious. It is difficult to 
place the H-silicalite in this sequence as the hydrogen 
content of the calcined species was not determined. This 
decrease in hydrophilicity with decrease in charge 
carriers is exactly as expected, pure silica frameworks 
being hydrophobic while charge centres are hydrophilic. 
The Ba 21  sample is much more hydrophilic because of the 
combined effects of having more charge carriers which are 
also more highly charged. This would appear to suggest 
that there must be in excess of 1.4 HI ions per unit cell 
for the H-silicalite, though in all the other silicalites 
there may also be H ions from the decomposition of the 
organic template. The exact total concentration of ions is 
therefore difficult to determine. The correlation between 
charge carriers and hydrophilicity does, however, suggest 
that the cations are held within the pores of the zeolite 
and that differences in sorption properties can definitely 
be attributed to these ions. 
It is more difficult to find a correlation for the 
change in water content factor. Over saturated BaC1 2 
solution (aw=0.9019) the apparent increasein 
hydrophilicity caused by the entering glycerols is in the 
order: 
Ba 2 >> K > Na > Cs >> H 
This does not fit any obvious pattern. It is difficult to 
produce any theory which would account for the change in 
ordering compared to the ordering in terms of 
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hydrophalicity. The K, Na and Cs values are very 
similar in nature, suggesting that there must be large 
differences between the H and Ba 	forms. Both of these 
were initially the most hydrophilic, as glycerol enters 
the Ba-silicalite becomes even more hydrophilic while the 
H-i- form remains virtually constant. It seems that 
glycerols entering the Ba 2 framework may require 
shielding from the charge centres by a hydration shell. 
To illustrate further the differences between 
samples, plots of the change in number of water molecules 
per imbibed glycerol, as a function of water activity, 
were constructed. It can be seen from figure 7.2 that for 
the H-silicalite there is an initial sharp change (on 
lowering the water activity from that of BaC12(aw=0.9019) 
to that of KCl(a=0.8426)) but for lower water activities 
the entering glycerol displaces the same number of water 
molecules, regardless of the external water activity. The 
Na-silicalite 'is, however, markedly different and a smooth 
curve can be drawn for this system. As the water activity 
decreases then each glycerol increases the water content 
of the unit cell by a smaller amount until at the lowest 
water activity the glycerol begins to expel water from the 
pores. This could be explained in terms of the unfilled 
space in the pores. Initially, the glycerols can enter the 
Na-silicalite with associated water; the pores can 
VA accordate them without expelling the resident water 
molecules. As the pores become full and the unfilled space 
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Figure 7.2 
Variation in the number of water molecules expelled or 
included per imbibed glycerol into H- and Na-silicalite as 









diminishes then water must be expelled to allow sufficient 
room for glycerol molecules to enter. 
The values for the uptake of glycerol per unit cell 
can be correlated with the charge in the pores of the 
zeolites. As this charge increases then less glycerol is 
found at equilibrium. For the higher water activities the 
silicalites can be ordered in terms of decreasing glycerol 
imbibition: 
Na > K 4 > Cs > H > Ba 2 
which correlates with the reverse of the number of charge 
carriers per unit cell. This is exactly the same situation 
as found for the aluminous samples, glycerol does not 
appear to like a charged environment. There are, however, 
more glycerol molecules imbibed per unit cell than found 
with the aluminous forms of MFI materials (chapter 6) as 
there are fewer charged species in the silicalite samples. 
It would appear that the order is not the exact 
reverse of the hydrophilicity as the HI and Ba 2 have 
swapped positions in the sequence. It may be that there is 
the additional effect of the barium ions, which are larger 
than the H ions, blocking the channels. A larger ion with 
higher charge will also have a larger volume within which 
its presence may be felt, and this would again cause a 
decrease in the amount of glycerol imbibed. However, it 
should be noted that for the lowest water activities the 
sequence 15: 
Na > K > Cs > Ba 2 > H 
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which is the same as the hydrophilicity. order. 
Figure 7.3 shows how the contents of the unit cell 
for the K-silicalite vary with water activity. The total 
number of molecules (glycerol plus water) in the pores 
appears to vary linearly with the water activity within 
the desiccator. The gradient can be determined, and used 
to predict the total number of molecules which would be 
present for any water activity within the range covered by 
the experimental results. This overall reduction in total 
number of sorbed molecules as the water activity decreases 
can be attributed to the change in water content, which is 
seen to fall dramatically on lowering the water activity. 
The drop cannot be wholly due to the reduction in water 
activity as the number of water molecules present in the 
glycerol-free sample does not vary to such an extent. The 
nature of the solvation shell in the solution phase has no 
direct bearing on its nature in the zeolite. Comparison of 
the water contents in the presence and absence of glycerol 
at the highest water activity clearly indicates that 
glycerol takes a significant amount of water with it into 
the zeolite void space. As can be seen from table 7.2, 
this is about 0.63 water molecules per glycerol. This is a 
net effect, for example, the glycerol may take in 3 water 
molecules, one for each hydroxyl, but expel 2.37 of the 
water molecules previously held within the void space. As 
the water activity is lowered, the net amount of water 
taken into the zeolite is reduced, primarily because more 
330 
Figure 7.3 

















Water molecules per unit cell for glycerol-free sample 
0 Water molecules per unit cell for point of maximum 
glycerol uptake 
0 Glycerol molecules per unit cell 
A Total number of molecules per unit cell 
331 
space is required by the glycerol molecules. This is shown 
clearly for the lowest water activity, where the water 
content in the absence of glycerol is higher than that 
with glycerol, despite the hydrophilicity of the glycerol. 
Therefore although the total number of molecules per unit 
cell decreases, the pores must become more crowded as 
water molecules are replaced by the much larger glycerol 
molecules. The theoretical maximum of 21.5 glycerol 
molecules per unit cell is never attained and this 
suggests that there remains unfilled space in the pore 
system, even for high glycerol uptakes. Some of this space 
will be filled by the cations and it seems likely that the 
water remaining in the pores will be closely associated 
with these charge centres. If it is assumed that in the 
case of the lowest water activity studied (saturated MgCl 2 
(a=0.3300), all the water is associated with the cations 
then the amounts calculated in terms of molecules per 
cation are: 
Glycerol 	Glycerol Difference 
free 	 present 
Na 	13.09 	 4.89 	8.20 
12.65 	 4.75 	7.90 
Cs 	12.85 	 3.29 	9.56 
Ba 2 	10.73 	 4.90 	5.83 
When there is no glycerol present it seems likely that all 
the water molecules present will solvate charge centres 
(either the cation or lattice defects) . When glycerol is 
present it would then seem necessary that the glycerol 
332 
must solvate these charge centres in place of water. The 
difference between the glycerol-free and glycerol-present 
values may represent a measure of how efficient the 
glycerol is in solvating the different cations, it is, 
however, difficult to draw firm conclusions from this. 
7.3 Correlation With Solution Phase Molality 
It was mentioned in chapter 6 that, as the same water 
activities were fixed for each set of equilibrations (by 
using the same set of saturated salt solutions), then the 
molalities of the solution phases should all be the same. 
The calculated molalities for the different silicalites 
are tabulated in table 7.3. It can be seen that almost all 
of the results are in close agreement. It may be concluded 
that any differences in sorption properties within the 
series of silicalite samples are not simply due to 
incomplete equilibration and consequent differences in the 
molalities of the external phases. As the molality is 
inversely proportional to the gradient of the solution 
phase line, small errors in this gradient lead to much 
larger errors in the molality, and it is for this reason 
that the standard deviation in the results increases as 
the water activity decreases. 
For all the systems, it was found that plots like 
that shown in figure 7.4 could be constructed. These show 
the uptake of glycerol as a function of external solution 
phase molality. As before, these points were found to lie 
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Table 7.3 
Solution Phase Molalities For Silicalites 
Saturated Salt Solution 
Sample BaC12 KC1 NaCl NaBr MgC12 
H 5.23 8.58 13.99 26.67 81.04 
Nal 5.26 8.56 14.72 32.05 86.51 
5.29 8.78 14.28 28.59 66.96 
Cs 5.20 8.57 13.68 27.97 67.76 
Ba 2 5.66 9.55 14.17 28.34 59.46 
Averages 	5.33 	8.62 	14.17 	27891D 	72.35 
Std .Dev. 	0.17 	0.09 	0.34 	0.73 	9.92 
excludes Ba 2 sample 
ID excludes Na sample 
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Figure 7.4 
Uptake of glycerol in K-silicalite as a function of 
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on a line defined by a Langmuir type equation: 
UGLY = (UMAX *K * m)/(1+K * m ) 
where UGLY is the uptake of glycerol. UMAX is the maximum 
amount of glycerol which can be imbibed. m is the solution 
phase molality and K is a constant. It was found that this 
equation provided a good fit to experimental results for 
all the silicalite samples; the values of UMAX and K 
obtained are given in table 7.4. The results for the 
maximum uptake of glycerol are very similar for the H, Na 
and Ba-silicalites. The inclusion of the Ba-silicalite at 
this stage would appear surprising, as table 7.2 showed 
that the uptakes at water activities down to 0.3300 were 
significantly lower than this. Continued lowering of the 
water activity must cause a dramatic increase in the 
glycerol uptake. It seems that for sufficiently low water 
activities the glycerol can be forced into the pores. The 
UMAX values for both the K and Cs systems are 
considerably higher but are again in close agreement. 
While there is no further evidence to confirm this, it is 
suggested that there are two types of ordering of glycerol 
molecules in the pores, one of which allows a higher 
number to be imbibed. These maximum uptakes correspond to 
approximately 14 (H. Na and Ba-silicalites) and 17 (K and 
Cs-silicalites) glycerol molecules per unit cell 
respectively. These amounts are still less than the 
theoretical maximum (21.5 molecules per unit cell, based 
on space filling models and a complete absence of water). 
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Table 7.4 
Parameters From Langmuar Equation 
















Without further information. e.g. computer modelling of 
the pore contents, it is difficult to establish the 
validity of the proposal that there are two types of 
glycerol packings. MASNMR of the glycerol in the pores 
might provide conclusive evidence. 
The value of K, which can be thought of as a measure 
of the relative strength of sorption, is also useful. The 
first point worth noting is that there is no direct 
correlation between the highest uptakes and the strongest 
interaction unless the results for the Ba-silicalite are 
omitted, in which case the reverse relationship is 
obvious. The strongest inLeraction is recorded for the 
Na-silicalite, though its value is very similar to that of 
the H-silicalite. Ordering the different zeolites in terms 
of decreasing K values gives: 
[Na, H] > [K, Cs] > Ba 
This cannot be explained in terms of hydrophobicity as the 
order is not the same as that previously determined. 
The differences must be related to the different 
interactions of the glycerol with the cations, and the way 
in which the glycerol is held in the pores. For Cs- and 
K-silicalites the maximum glycerol uptakes (UMAx) are very 
similar as are the K values. The same is true for the H 
and Na-silicalites. It would seem that the organisation of 
the glycerols in a way that allows higher amounts to be 
imbibed leads to situations where the glycerol interacts 
more weakly with the zeolite, and vice-versa. The former 
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situation may allow the carbons on the glycerols to be 
situated further from the charge centres. 
From the results in table 7.4, it appears that 
Ba-silicalite binds the glycerol most weakly (small K 
value) and has a low maximum uptake (low UMAX value). It 
is thus markedly different from the other systems. It 
seems most likely that this is because the barium ion is 
doubly charged. If glycerol is destabilised by its 
proximity to charged species, then a doubly charged barium 
ion will have a greater effect and less glycerol will be 
imbibed. It is possible that barium influences the sorbed 
phase to such an extent that the reorganisation to allow 
higher uptakes cannot be achieved. 
In these sorption studies both water and glycerol 
molecules can be considered as species sorbed into the 
zeolitic pores. Whenever thereis more than one molecule 
which may be sorbed, there is the possibility of one being 
preferentially' sorbed over the other. The most common 
measure of this is the fractionation factor, based on the 
mole fraction of each sorbate; 
= [xGL. -/ xw 1 i i i 	t  
where XGLY is the mole fraction of glycerol and Xw Is the 
mole fraction of water. In this case, a value less than 1 
would indicate preferential sorption of glycerol by 
silacalite. There are, however, other methods of 
determining selectivity. In this work the molality of the 
glycerol was determined for both the solution and the 
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zeolitic phases. If there is no preferential sorption of 
either water or glycerol then the internal molality and 
the external molality will be the same. If this is true 
for a series of different external molalities (equivalent 
to equilibration over a range of water activities) then a 
plot of m (the internal solution phase molality) as a 
function of m (external solution phase molality) will be a 
straight line with gradient equal to one. In the sorption 
of organics by zeolites the most likely scenario is that 
the organic is stabilised by inclusion in the pores. In 
this case the internal molality will be greater than the 
external molality and m1/m will have values greater than 
one. If, on the other hand, the organic is destabilised 
(for example in highly aluminous, organophobic zeolites) 
then there will be preferential sorption of water and the 
internal molality will be less than the external molality. 
Thus m1/m will have, values less than one. 
The results for m1/m for the five water activities 
and five silicalites are listed in table 7.5. The most 
important point to notice is that all the values are 
greater than unity. This implies that in all cases the 
zeolites show preferential sorption of glycerol. It is 
possible to order the zeolites by the selectivity factors 
such that, for example, over saturated BaClz solution 
(aw=0.9019) the order is: 
Na > Cs > H > K > Ba 2 
As the water activity (and hence solution phase molality) 
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Table 7.5 
Selectivity factor calculated from the ratio of m1/m 
Na Cs Ba 2 
BaC12 6.54 7.54 6.47 7.39 2.70 
KC1 5.95 6.35 4.97 5.62 3.06 
NaCl 4.63 4.51 4.38 5.50 2.95 
NaBr 2.79 3.74 3.51 4.23 2.27 
IvIgClz 1.54 5.30 5.76 7.82 3.13 
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change the order of selectivity also changes, so that over 
MgC1 2 the situation is: 
Cs > K > Na > Ba 2 > H 
Thus the selectivity factor depends on the water activity 
and hence on the solution phase molality. Figure 7.5 shows 
the variation of internal molality as a function of 
external molality for three of the systems. The solid line 
represents the situation where there would be no apparent 
selectivity (i.e. m = m) 
It can be seen that the H-silicalite is the least 
selective towards glycerol at the higher water activities 
(i.e. the low external phase molalities) and most closely 
follows the solid line. Initially, the internal 
concentration is higher by a factor of six but as the 
external molality increases the selectivity factor falls 
off until there is only a slight preference for the 
organic. 
The Ba-silicalite appears to approximate to a 
straight line, assuming a large error in the final point 
(there is greater experimental error in determining both 
internal and external molalities for higher 
concentrations) . The selectivity factor is therefore not 
affected by the changing external concentration as is 
obvious from table 7.5. The internal molality of the 
glycerol in the Ba-silicalite may be low due to the 
inability of glycerol to solvate some lattice fault sites. 
In this case there will be higher water contents than in 
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Figure 7.5 
Variation of internal molality (m1) as a function of 
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other cases and subsequently lower molalities. 
The K-silicalite shows the opposite effect to that of 
the H-silicalite. Although initially linear, at the 
highest external phase molality the internal molality is 
higher than expected. These findings can be further 
illustrated by plotting the selectivity factor against the 
water activity (fig. 7.6). Allowing for experimental 
error, the selectivity factor is almost constant for 
Ba-silicalite, continually decreases for H-silicalite and 
appears to pass through a minimum for K-silicalite before 
increasing again. It is likely that the trough observed 
for the K-silicalite is not as marked as it appears, as 
the final selectivity factor for a=0.3300 is perhaps 
unrealistically high due to experimental error. It is 
suggested that this unusual pattern for the K-silicalite 
may be indicative of a change in the way the glycerol 
molecules pack into the pores. Initially, they may pack in 
one configuration, shown by the selectivity factor 
mimicing that of the H and other systems, but as the 
water activity is decreased there comes a point when all 
the glycerol molecules are reorganised to pack in a 
different manner. The most likely outcome of this 
rearrangement is that more glycerol molecules will be 
imbibed, the internal molality will increase and hence the 
selectivity factor will also increase. Examination of 
table 7.5 reveals that the Na- and Cs-silicalites show 
minima similar to that observed for K-silicalite, and 
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Figure 7.6 
Change in selectivity factors (m1/m) as a function of 
water activity for the imbibition of glycerol into 
























hence may also be displaying the same kind of 
reorganisation. The H- and Ba-si.licalites show no signs of 
this reorganisation. 
7.4 Uptake of Glycerol as a Function of Water Activity 
As for the ZSM-5 samples discussed in chapter 6, it 
was found possible to correlate the uptake of glycerol 
with the water activity within the desiccator using the 
equation: 
- ULy)1[aw/(l - aw)] 
where UQLY is the measured glycerol uptake at each water 
activity (aw), UmAx is the maximum glycerol uptake and P 
is a constant which can be evaluated. In all cases the 
equation gave a very good fit to the experimental data as 
for Cs-silicalite in figure 7.7, where the maximum 
deviation from the line was of the order of 0.5% in the 
uptake of glycerol. 
The values of P and UMAX are tabulated in table 7.6. 
The figures for UMAX echo those in table 7.4 to within 1% 
glycerol uptake. Furthermore, the same division into two 
groups, as discussed before. is also observed. 
The value of P is also quite informative. The 
magnitude of the limiting slopes (dUGLY / da). as aw 
tends to unity, are given by the term Ux * P and are 
also tabulated in table 7.6. Thus, for dilute solutions 
the order of selectivity can be determined as: 
Na > H > K > Cs > Ba 2 
CYt1 
Figure 7.7 
Glycerol uptake in Cs-silicalite as a function of water 
activity. The curve shown is derived from the equation: 
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This reflects the way in which the glycerol is held in the 
pores at high water activities. With - the Na-silicalite the 
glycerol is held relatively tightly and with Ba-silicalite 
the interaction is much weaker. Apart from the 
H-silicalite the order of the different zeolitic samples 
is the exact reverse of the hydrophilicity ordering. Thus 
at high water activities the glycerol imbibition is 
controlled by the hydrophilicity of the sorbent 
silicalite, the least hydrophilic (Na-silicalite) being 
the strongest sorbent for glycerol. 
7.5 Conclusions 
The results in this chapter clearly demonstrate that 
the inclusion of different cations in the pores of 
silicalite has a marked effect on sorption properties. 
Throughout this chapter it has been assumed that the 
charged species reside in the main zeolite channels. The 
exact locations have not been established, though it would 
seem that, to exhibit such large effects, the small number 
of cations present must be in prominant positions where 
they interact readily with the sorbates. 
It is proposed from the results that the glycerol can 
pack in at least two different configurations within the 
pores and that the presence of the different cations can 
dictate when the reorganisation from one configuration to 
the other may take place. 
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The sorption of glycerol in these systems appears 
consistent with the model developed in chapter 6 whereby 
the glycerols are repelled from charge centres, thus 
lowering the uptake. The silicalite prepared using only 
organic materials. H-silicalite, did not show the highest 
uptakes even though this material must be cation free, 
i.e. the equilibrium: 
=i-O + H • 	Si-OH 
must be strongly in favour of the silanol form, and there 
will be very few free hydrogen ions. It appears that K-
and Na-silicalites have fewer framework faults and hence 
are more organophi.lic than the H-si.licalite. 
This work has demonstrated how very small numbers of 
cations can radically affect the sorption properties of 
the silicalite and how an isopiestic equilibrium method 
can be used to study these changes. 
Cliii] 
CHAPTER EIGHT 
SORPTION OF GLYCEROL BY AEL-TYPE MOLECULAR SIEVES 
8.1 Introduction 
The initial aim of this work was to determine the 
effect of changing the silicon content in AEL-type 
materials. As mentioned in chapter 4, however, the 
inclusion of different amounts of silicon did not produce 
materials with equal amounts of aluminium and phosphorus, 
as was desired. Instead the syntheses produced materials 
with different proportions of Al, P and Si, i.e. AlFSi 
rather than Al=PSi. As more than one framework component 
has been changed, it seems unlikely that it will be 
possible to make definitive statements about the role of 
silicon. However, throughout this chapter the results will 
be discussed with reference to the change in silicon 
content as this was the factor which was varied in the 
syntheses. 
It was initially thought that the instability of 
A1PO4s and SAPOs (previously discussed) would present 
serious problems as the full set of equilibrations over 
the series of water activities took about twenty weeks. 
Prolonged exposure to aqueous glycerol was thought likely 
to degrade the materials. However, at the end of all the 
equilibrations the samples were X-rayed and while a small 
decrease in crystallinity of the order of 5-8% could be 
discerned, there were no additional peaks which would 
suggest transformation to a dense phase of the degraded 
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material. It seems, therefore, that the imbibition of 
glycerol by AEL-type materials can be studied using an 
isopiestic technique. However other sorbates may catalyse 
the degradation of the zeotype framework and thus the 
range of solutes that can be studied by the isopiestic 
technique may be limited. 
It has been assumed that all the silicon present is 
framework silicon. The main effect this will have on the 
results is in the calculation of molecules per unit cell. 
Incorporating silicon caused the unit cell mass to 
decrease from 2439g (AlPO-11) to 2424g (SAPO-11 with 3 
framework silicons). This still represents a very small 
variation in unit cell mass (0.66) between the materials 
and hence any error from some of the silica being simply 
occluded within the pores will be very small. The presence 
of silica in the pores would also restrict the pore 
volume, though this effect is also likely to be small. It 
is worth re-emphasising that X-ray, diffraction showed all 
the samples to be very crystalline with no sign of 
amorphous material as would be expected for non-framework 
silica. 
The four samples used will be referred to as 
A1PO4-11, SAPO-11 (Si/A10.054), SAPO-11 (Si/Al'0.097) and 
SAPO-11 (Si/Al=0.139), the unit cell compositions for 
these materials are given in table 4.3 (chapter 4) 
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8.2 Initial Isopiestic Results 
The four samples were treated exactly as specified in 
chapter 2. It was found that the equilibrations were 
relatively slow, however, there was no significant 
difference between the samples. As equilibrium was 
approached the weights were found to fluctuate around a 
mean value. Unlike the other systems described, the final 
equilibrium weight had to be determined by averaging a 
series of results as it seemed that the time to reach the 
final equilibrium weight would be extremely long. At this 
stage it is difficult to assess why this occurred. 
All of the isopiestic plots were found to display the 
same characteristics and the results for the A1PO 4,-11 
system are shown in figure 8.1; the equations for the best 
fit lines (calculated by least mean squares analysis) for 
this and the other samples are tabulated in Appendix C. 
The slopes for the solid phase lines were always found to 
be very shallow. This shows that each entering glycerol 
molecule has very little effect on the water content of 
the zeotype. The maximum effects of change in water 
content with glycerol uptake were found for the high water 
activities, but at this stage the gradient was hardest to 
determine due to the small number of experimental points. 
By comparing the water contents of the glycerol-free 
sample and the sample representing maximum uptake the 
change in water content can still be determined, though 
this depends on the accuracy of the two points. 
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Figure 8.1 
Isopiestic results for glycerol 
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Water and Glycerol Uptakes for AEL Type Molecular Sieves 
AlPO-11 
Sat. Sol . UWC>OL Uw 
BaC12(aw=0.9019) 18.33 19.20 2.36 
KC1 	(aw=0.8426) 17.94 18.38 2.50 
NaCl (aw=0.7528) 16.24 16.75 3.98 
NaBr 	(aw=0.5770) 13.17 13.36 7.47 
MgCl2(aw0.3300) 9.02 9.72 10.01 
LIC1 	(a=0.1100) 4.62 3.00 14.10 
SAPO-11 (SI/Al-0.054) 
BaC12 18.92 18.95 1.41 
KC1 17.32 17.42 2.10 
NaCl 16.05 16.51 3.77 
NaBr 10.82 10.98 6.82 
MgC12 6.94 6.64 9.15 
LIC1 4.34 3.08 11.93 
SAPO-11 (SI/Al-0.097) 
BaC12 18.58 19.06 2.79 
KC1 17.61 18.42 3.96 
NaCl 16.12 16.96 6.21 
NaBr 13.86 14.75 8.60 
MgC12 10.34 10.39 9.57 
LIC1 6.14 5.45 12.21 
SAPO-11 	(SI/A10.139) 
BaC12 20.28 20.85 3.13 
KC1 17.99 18.90 5.29 
NaCl 15.82 16.47 6.63 
NaBr 15.34 15.75 6.83 
MgC12 9.05 9.15 10.07 
LiC1 7.31 6.79 10.01 
Uptake of water in glycerol-free sample 
[100UwD (ggt anhydrous zeotype)] 
Uptake of water at point of maximum glycerol 
uptake 
[lOOUoi.y (gg 1 anhydrous zeotype)] 
Maximum uptake of glycerol 
[100UMAx (gg 1 anhydrous zeotype)] 
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Table 8.2 
Water and Glycerol Contents Per Unit Cell 
AlPO.1.-11 
Sat. Sol . Uw Water 
Change 
BaC1 2 (aw0.9019) 30.41 32.20 0.64 +2.60 
KC1 	(aw0.8426) 29.63 30.52 0.68 +1.31 
NaCl (•aw0.7528) 26.27 27.26 1.10 +0.90 
NaBr 	(aw0.5770) 20.56 20.90 2.14 +0.16 
MgCl 2 (aw0.3300) 13.43 14.59 2.95 +0.40 
LiCl 	(aw0.1100) 6.56 4.19 4.35 -0.54 
SAPO-11 (Si/Al0.054) 
BaC12 31.62 31.69 0.38 +0.18 
KC1 28.39 28.59 0.57 +0.36 
NaCl 25.90 26.79 1.04 +0.86 
NaBr 16.44 16.72 1.94 +0.14 
MgC12 10.10 9.63 2.67 -0.18 
LiCI 6.15 4.30 3.59 -0.52 
SAPO-11 (Si/Al''0.097) 
BaC1 2 30.85 31.82 0.76 +1.28 
KC1 28.90 30.51 1.09 +1.48 
NaCl 25.98 27.61 1.75 +0.92 
NaBr 21.75 23.38 2.49 +0.66 
MgCl2 15.59 15.68 2.80 +0.04 
LiC1 8.85 7.79 3.68 -0.28 
SAPO-li. (Si/Al-0.139) 
BaC1 2 34.24 35.47 0.85 +1.45 
KC1 29.53 31.37 1.47 +1.26 
NaCl 25.29 26.54 1.87 +0.68 
NaBr 24.40 25.17 1.93 +0.40 
MgC1 2 13.40 13.55 2.95 +0.06 
L1C1 10.61 9.80 2.93 -0.28 
Number of water molecules per unit cell 
for the glycerol-free system 
' Number of water molecules per unit cell 
for maximum glycerol uptake 
Maximum number of glycerol molecules per unit cell 
d. Change in number of water molecules per unit cell 
caused by each entering glycerol. A positive sign 
indicates increase over the glycerol-free sample. 
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Table 8.3 
Solution Phase Molalities for Glycerol 
Imbibition by AEL Type Molecular Sieves 
External Solution Phase Molality 	(rnol kg-1 ) 
Sat.Sol. A1PO4-11 SAPO-11 SAPO-11 SAPO-11 
(Si/Al-0.054)(Si/Al-0.097) (Si/Al-O.139) 
BaC12 4.8 5.2 5.2 5.2 
KC1 8.0 8.5 9.1 8.8 
NaCl 14.4 15.4 15.4 14.7 
NaBr 29.7 29.5 27.0 28.3 
MgCl2 67.2 75.3 70.0 70.1 
LIC1 261.2 367.7 344.7 375.3 
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The uptakes of both glycerol and water are tabulated in 
table 8.1, the corresponding unit cell compositions are 
given in table 8.2 The maximum effect for all the four 
systems was found to be a decrease of around 2.8 water 
molecules per glycerol molecule. At lower water activites, 
for which the gradients could be determined much more 
accurately, the effect decreased to less than 0.1 water 
molecule per glycerol. Figure 8.2 shows how the change in 
water content factor varies as a function of water 
activity for the SAPO-11 (Si/A10.139) system, though all 
four systems were very similar. There was, however, no 
systematic trend, for example, in terms of the amount of 
silicon incorporated. It seems likely that the change is 
mainly due to a reduction in the water content of the 
zeotype caused by a reduction in water activity, rather 
than the imbibition of glycerol. 
The concentrations of the solution phases over each 
water activity were determined from the gradients of the 
solution phase lines as before (table 8.3). These were 
found to give glycerol concentrations in close agreement 
with those previously determined. These concentrations are 
thus determined only by the water activity in the 
desiccator, and the zeotypes have no effect. This allows 
the results for the series of silicoaluminophOsphateS to 
be compared and, in principle, allows these results to be 
compared with those obtained in the zeolite studies. 
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Figure 8.2 
Change in water content per sorbed mole of glycerol as a 
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The intersection points of the two lines could be 
readily determined and it was possible to collect results 
even over saturated LIC1 solution which had proved 
difficult for other systems. 
To examine how the unit cell compositions vary with 
the changing water activity, graphs such as shown in 
figure 8.3 were constructed. This shows the number of 
molecules per unit cell at each of the six water 
activities for the SAFO-11 (Si/Al0.139) sample. It can be 
seen that the water contents of the glycerol-free samples 
are very similar to those loaded with glycerol. This 
emphasises that the glycerol uptake appears to have no 
effect on the water uptake, which is determined only by 
the water activity in the desiccator. As the water 
activity is lowered, the total number of molecules in the 
pores of the zeotypes can be seen to fall. At the same 
time the number of glycerol molecules imbibed increases 
and appears to reach a maximum, in this example over a 
saturated solution of MgCl2(aw0.3300) . The decrease in 
the number of water molecules is thus the dominant factor 
controlling the total number of molecules imbibed. 
It appears, however, that there are very large 
numbers of molecules imbibed, apparently too many for the 
pore volume. This can be easily explained as the water can 
enter the pores defined by the six rings which form a 
channel system parallel to the larger pores. Glycerol is 
too large to enter these pores and is restricted to the 
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Figure 8.3 
Number of molecules per unit cell as a function of water 
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pores defined by the ten rings. Over the lowest water 
activity (saturated LiC1 solution, a=0.1100). it is 
likely that the large pores are completely filled with 
glycerol. the smaller pores being filled with water. In 
this case the materials will always appear hydrophilic as 
the glycerol can never displace this water. The 
approximate volume of the large pores is 3.7510 	m3 per 
unit cell and that of a glycerol molecule is approximately 
1.16*10_26 m3 (calculated from the density of the liquid). 
Hence, the maximum number of glycerol molecules that could 
be imbibed is of the order of 3 per unit cell. The 
measured uptakes are of the same order of magnitude but at 
the lowest water activity some are slightly higher. This 
could be partially due to molecules semi-sorbed at the 
ends of the pores but is otherwise difficult to explain. 
It is possible that within the pores the glycerol packs in 
a different way, is more dense than in the liquid phase 
and hence more glycerols can be packed in a smaller space, 
though there is no evidence that this may occur, the 
crystal pattern of solid glycerol has a very similar 
density to that in the liquid phase. 
The four samples could be arranged in order of 
hydrophilicity by considering the uptake of water in the 
glycerol-free sample. The order, however, appears to 
change for each different water activity and this suggests 
that the Si content, in isolation, is not an important 
factor. 
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For low water activity, the order (decreasing 
hydrophilicity) would be: 
Si/Al=0.139 > Si/Al=0.097 > A1PO.4-11 > Si/Al=0.054 
which is exactly the same order as that which would be 
obtained if the materials were arranged in terms of number 
of aluminium atoms per unit cell. It is therefore 
suggested that the hydrophilic centres are in fact the 
aluminium centres and it is the concentration of these 
which is most important for the water sorption 
characteristics. 
The unit cell contents were found to vary with the 
amount of silicon per unit cell (fig. 8.4). With so few 
points it is difficult to discern the exact nature of the 
correlation, although a straight line correlation is 
thought to be unlikely. If the incorporation of the 
silicon maintained the Al/P ratio equal to one then the 
materials would be expected to become less hydrophilic as 
there would be a smaller number of charge centres per unit 
cell. In the four materials studied. increasing the 
silicon content also changed the Al/P ratio. There is then 
a charge imbalance (analogous to that found in 
alumiriosilicates) in which Al/P>1. The framework is no 
longer electroneutral, but instead carries a net negative 
charge which must be balanced by cations, probably 
hydrogen ions. Hence the introduction of Si makes the 
framework more hydrophilic. This is apparently the 
situation in the four materials studied as, in general, 
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Figure 8.4 
Number of molecules per unit cell as a function of 
framework Si per unit cell for equilibration over 
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increasing the silicon content increases both the water in 
the glycerol-free sample and also the water present for 
maximum glycerol uptake. The uptake of glycerol also 
decreases slightly with increasing silicon content (a 
decrease of 0.4 glycerol molecules for each Si in the unit 
cell) and both these factors suggest that silicon 
incorporation leads to a more hydrophilic, organophobic 
material, typical of a charged framework. It cannot be the 
silicon sites themselves that produce this affect and it 
is apparent that it is the aluminium excess over 
phosphorus which is important. 
In all cases, lower water activities lead to fewer 
imbibed molecules. As the water activity is lowered the 
nature of the contents of the zeotypes change. There is an 
increase in the number of glycerol molecules and a 
decrease in the number of water molecules. Initially, for 
high water activities the contents most closely resemble 
an impure water phase, the water being contaminated with 
glycerol. For the lowest water activity the contents now 
resemble an impure organic phase, though in the larger 
pores a pure glycerol phase is most likely. Obviously, as 
the charge on the zeotype framework increases then any 
repulsion between the organic phase and the charged 
framework will become larger, and fewer molecules will 
enter the pores. In these systems increasing the silicon 
content increases the charge imbalance on the framework 
and this explains the apparent change in characteristics 
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of the zeotypes. fewer glycerol molecules are imbibed as 
the silicon content increases. The charged centres are 
always hydrophilic and always prefer water over glycerol, 
hence they restrict the amount of glycerol which can be 
sorbed. They do not necessarily repel the glycerol 
molecules but merely prefer the water molecules. 
Although it may still appear odd that the AlPO-11 
sample (which has the highest number of polar bonds) has 
the highest uptake of glycerol per unit cell, it should be 
remembered that the frameworks do not carry a net charge 
and as such resemble that of a silica molecular sieve. It 
is the charge imbalance on the framework that is the most 
important factor in determining the sorption behaviour. 
Since the glycerol molecules will try to occupy sites 
distant from the charge centres (acid sites) then an 
increase in the net charge on the framework reduces 
imbibition of glycerol. Glycerols will not be as 
stabilised by a charged framework as they would by an 
overall neutral one, though in all cases inclusion in the 
framework is thought to stabilise organic species. This 
can be seen from the higher temperature required for 
combustion of sorbed organics (by thermal analysis for 
example). It should also be noted that all the terms such 
as organophilicity/hydrOphObicitY are relative and not 
absolute. to the extent that all the zeotypes are very 
good sorbents for water and thus are all hydrophilic. 
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8.3 Effect of External Solution Phase Molality 
Although the amount of glycerol imbibed is 
theoretically more than the pore system can accommodate, 
there is no evidence to suggest that either the framework 
is undergoing change or collapse or that the results are 
incorrect. Indeed strong support for the observed uptakes 
and the experimental results in general comes from the 
fact that in all cases there is a strong correlation with 
the external solution phase molality and that this can be 
represented by a Langrnuir equation, which provides a very 
good fit to the experimental data. The Langmuir equation 
used was in the form: 
(UMAX 
k}( *m)/(1 +K*m) 
where UGLY is the uptake of glycerol; UIAX is the maximum 
uptake of glycerol; m is the solution phase molality and K 
is a constant which can be thought of as defining the 
strength of interaction of the glycerol with the 
framework. The derived parameters of K and UMAX are listed 
in table 8.4. 
The difference between the results for the AlPO-11 
and the most siliceous SAPO-11 sample is quite obvious 
from figure 8.5. These graphs confirm the finding that as 
the silicon content increases then the maximum glycerol 
uptake decreases. It also shows that the SAPO-11 
(Si/Al=0.139) reaches its maximum uptake at lower 
molalities than does the AlPO-11. The variation in the 
constant K with silicon content is also plotted (fig.8.6) 
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Table 8.4 
Parameters Derived From Langmuir Equation: 
UQL.y = 	(UMAX * K 	* 	m)/(1 + K * m) 
Sample 100U111€< K 
(gg) (kg mo1) 
A1PO4-11 16.11.3 0.0260.006 
SAPO-11 (Si/A1=0.054) 13.21.2 0.0290.008 
SAPO-11 (Si/lkl=0.097) 12.71.2 0.0590018 
SAPO-11 (Si/A1=0.139) 10.61.3 0.0970.043 
.: 
Figure 8.5 
Glycerol uptake in A1PO4-11 and SAPO-11 (Si/Al=0.139) as a 
function of external solution phase molality. Curves are 
derived from Langmuir equation: 
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The value of K determines the curvature of the line; the 
larger the value of K. the more pronounced the curvature, 
and the more quickly the maximum uptake is reached. Figure 
8.6 shows that the higher the silicon content in the 
framework. the higher the value of K; thus it appears that 
the materials with the higher Si content bind the glycerol 
more strongly. It is most likely that as the first 
glycerol molecules enter the pores they will be sited 
close to the incorporated silicons as these will be 
organophilic sites. Such sites will stabilise the glycerol 
in the framework and encourage glycerol imbibition. These 
sites will be filled first and further glycerols which 
enter the pores will have to take up less satisfactory 
positions closer to the charge centres. It seems entirely 
possible that the distribution of Si within the pores is 
not even, and that both organophilic and organophobic 
regions exist within the framework. 
For the AlPO-11 the value of K is lowest but the 
uptake highest. The glycerols do not appear to interact 
very strongly with the framework which is electroneutral 
due to an Al/P ratio of one. There are no sites which are 
particularly favoured over others and the neutral 
framework charge does not appear to diminish imbibition to 
the same extent as a charge imbalance. 
From the equation of the curves the value of UMLX may 
also be determined. As the silicon content increases then 
the maximum amount of glycerol which can be imbibed 
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decreases as shown an figure 8.7; this confirms the 
results shown in figure 8.4. It might be expected by 
analogy with zeolites that the materials that contain the 
most silicon would be the most organophilic. However, 
because the silicon introduces charge centres the reverse 
is found. Figure 8.7 shows that there is a clear 
correlation between the unit cell composition and the 
maximum glycerol uptake. 
The selectivity factor can also be calculated for the 
series of materials studied. The selectivity factor has 
been defined as: 
S.F.= m1/m 
where m and m are the internal and external solution 
phase molalities respectively. The values of S.F. are 
listed in table 8.5. A value of m1/m1 defines a situation 
where neither water nor glycerol are preferentially 
sorbed. It is immediately obvious that all the values here 
are much less than one and show that in all cases water is 
sorbed preferentially over glycerol. In short, the 
alumiriophosphate and silicoaluminophosphates used here are 
hydrophilic and organophobic. This can again be linked to 
the number of charge centres in the materials. The zeolite 
samples, where there were few charge centres, were found 
to be more organophilic and the selectivity factors were 
much greater than one. In aluminophosphate—based materials 
where there are large numbers of charge centres (from both 
the aluminium and the phosphorus), the materials are much 
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Figure 8.7 
Maximum uptake of glycerol, derived from the Langmuir 
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Table 8.5 
Ratios of m 1 /m for Glycerol Imbibition 
by AEL Type Molecular Sieves 
A1PO4-11 SAPO-11 	SAPO-11 	SAPO-11 
(Si/Al-0. 054) (Si/Al-0. 097) (Si/Al-0 . 139) 
0.28 0.16 0.31 0.31 
0.19 0.15 0.26 0.35 
0.18 0.16 0.26 0.30 
0.20 0.23 0.23 0.17 
0.17 0.20 0.14 0.17 
0.20 0.11 0.07 0.04 








more organophobic and the selectivity factors are thus 
much smaller. Figure 6.8 shows the results for the 
A1PO-11 and the SAPO-11 (Si/Al=0.139) samples. From this, 
it can be concluded that the siliceous sample is more 
selective to the glycerol than is the pure 
aluminophosphate since it has higher selectivity values, 
except at the lowest water activity (saturated LIC1 
solution, aw=0.1100) where there will be the largest 
experimental errors in m 1 and m. For water activities 
above that of saturated NaBr solution (aw=0.5770), the 
materials can be ordered in terms of decreasing relative 
organophi 1 icity: 
Si/Al=0.139 > Si/Al=0.097 > Si/Al=0.054 > AlPO-11 
However, it should be noted that in all cases the 
differences are relatively small. The selectivity factor 
is thought to be particularly useful for describing 
properties such as organophilicity and hydrophilicity, as 
it is a measure of the relative uptakes of water and 
glycerol. Other measurements such as the total number of 
molecules imbibed are less useful as the total number does 
not differentiate between the two sorbates. Using the 
selectivity factors, increasing silicon content would 
appear to lead to an increase in organoselectivity even 
though the organophilic centres will be limited to silicon 
sites. As expected, an increase in silicon leads to an 
increase in the selectivity factor. 
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Figure 8.8 
Variation of internal molality (m1) as a function of 
external molality (m) for glycerol imbibition in A1PO 4-11 
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The differences between the two curves in figure 8.5 
may appear small but, if the relationship between water 
activity and glycerol uptake is considered, the different 
sorption characteristics are very obvious. 
The equation: 
P=[UGLY/(UMAx - U0)] [a/(1 - a)] 
(where UGLy is the measured glycerol uptake at each water 
activity (aw) UMAX that for a water activity of zero and 
P is a constant) was found to provide a good fit to the 
experimental data. The values of P and UMAX are tabulated 
in table 8.6. The striking difference between the pure 
aluminophosphate and the most siliceous SAPO can be seen 
in figure 8.9. The SAPO initially shows a very steep slope 
with high quantities of glycerol being imbibed but at 
lower water activities the glycerol uptakes are lower than 
for AlPO-11. 
The differences between the zeotypes are shown by the 
value of UMAX kP in table 8.6 which shows that, for high 
water activities, the uptake of glycerol per unit change 
in water activity, increases with silicon content. One 
theory which accounts for this is that for the pure 
aluminophosphate and the least siliceous SAPO the 
imbibition is controlled only by water activity, the 
framework only weakly stabilising the glycerol. The higher 
silicon materials contain positions near to silicons where 
there is an additional interaction. Changing the silicon 
content also changes the aluminium content and once the 
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Table 8.6 
Values from P[U0 i/(Umex - UQLY)][aw/(1-aw)1 
for Glycerol Imbibiton into AEL-Type Molecular Sieves 
Sample P 100Um Umex *P 
(gg_:l) (gg') 
A1PO4-11 1.150.32 15.314 0.18 
SAPO-11 	(Si/Al=0.054) 1.260.26 13.10.9 0.17 
SAPO-11 	(Si/Al=0 .097) 2.800.82 12.3- 1.0 0.34 
SAPO-11 	(Si/Al=0.139) 4.592.10 10.41.3 0.48 
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Figure 8.9 
Glycerol uptake in AlP0-11 and SAPO-11 (Si/Al=0.139) as a 
function of water activity. Curves derived from the 
equation: 









NO 	 0.2 	0.- 	0.6 	0.8 	1 
Water Activity 
E A1PO4-11 
0 SAPO-11 (Si/Al=0.139) 
379 
sites close to the silicons are filled, the remaining 
sites which contain more aluminium on average, and thus 
a higher charge, are much less attractive. For the 
siliceous materials there are hydrophilic sites that are 
preferentially filled at high water activities, leaving 
the hydrophobic sites to be filled at lower water 
acivities. 
8.4 Comparison of Results for MFI- and 
AEL-type Materials. 
The most convenient method of describing the 
contents of the materials at equilibrium is in terms of 
molecules per unit cell. To compare the results between 
the MFI- and AEL-type materials used, it is necessary to 
express the results as grams of glycerol per gram of 
anhydrous zeolite/zeotype, as the pore volumes in the 
two different unit cell are markedly different. 
The uptakes of both water and glycerol are listed 
in table 8.7. Looking at the water contents in the 
glycerol-free samples it is easy to see the differences 
in hydrophilicity. All of the AEL materials can be 
described as hydrophilic, the aluminium-containing forms 
of the MFI materials as moderately hydrophilic while the 
silicalites would be best described as hydrophobic. This 
trend is continued in the water contents at equilibrium, 
most of the MFI materials are essentially dry while the 
AEL sieves still contain between 6 and 10 water. 
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Table 8.7 
Comparison of Water and Glycerol Uptakes 
Sample 	 UW<> ID Uw 
ZSM-5 (Si/Al= 30) 	 0.032 	0.017 
7qTv1- (Si/Al= 45) 	 0.033 	0.007 












H-Silicalite 0.026 0.017 0.172 
Na-Silicalite 0.014 0.005 0.223 
K-Silicalite 0.016 0.006 0.210 
Cs-Silicalite 0.017 0.004 0.209 
Ba-Silicalite 0.023 0.011 0.181 
A1PO4-11 0.090 0.097 0.100 
SAPO-11 	(Si/Al=0.054) 0.069 0.066 0.091 
SAPO-11 	(Si/A1=0.097) 0.103 0.105 0.096 
SAPO-11 	(Si/Al=0.139) 0.090 0.091 0.107 
Results after equilibration over MgCl 2 
b Uptake of water for glycerol-free sample 
(gg' anhydrous zeolite/zeotype) 
Uptake of water at point of maximum glycerol 
uptake 
(gg 1 anhydrous zeolite/zeotype) 
Maximum uptake of glycerol 
(gg-1 anhydrous zeolite/zeotype) 
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Whether all of this water is in the large pores with the 
glycerol is open to question. 
In terms of glycerol uptake the two types of 
frameworks can again be separated. The uptakes for the 
AEL materials are lowest and show a variation of less 
than 196 in the maximum amount of glycerol which can be 
imbibed. This shows that the changes induced in the 
materials due to the different syntheses are very small. 
In the A1PO4-11 there are forty charge centres while in 
the most siliceous SAPO-11 there are 37. In terms of 
charge centres the variation is small and all materials 
will be organophobic. 
The NFl materials, on the other hand, span a much 
larger range, uptakes ranging from 15-2296, all of the 
uptakes being much larger than those for the AEL 
materials. The most aluminous ZSM-5, which has the 
highest number of charge centres, also appears to be the 
most organophobic. 
The most organophilic materials are the silicalites 
which are expected to contain the fewest charged 
species. Even the incorporation of the doubly charged 
barium ion allows a large uptake of glycerol. 
All of the maximum glycerol uptakes correspond to 
complete filling of the pores with glycerol. In the AEL 
materials, in particular. the pores must be extremely 
tightly packed to accommodate all the glycerol molecules 
and any extra water not sorbed in the smaller channels. 
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For all the systems it was found that the glycerol 
uptakes could be correlated with the external solution 
phase molalities with a Langmuir type equation: 
UGLY =(UMAx *K*m)/(1+K*m) 
it was also found that the equation: 
P = [UGLV/(UMAX - UGLY)1 [a/(l - aw) 
provided a good fit to the data for the uptake of 
glycerol against water activity. The values obtained for 
the constants K and P derived from these equations are 
listed for all the systems investigated in table 8.8. 
The differences between these materials are 
immediately obvious. Considering first the selectivity 
factors (table 8.8) it can be seen that the values for 
the AEL materials are all significantly less than one, 
these materials preferentially sorb water and are best 
described as hydrophilic and organophobic. Silicalites 
all show much higher selectivity factors, showing 
preferential sorption of glycerol and are best described 
as hydrophobic and organophilic. The different 
silicalites would appear to cover a wide range of 
organophilicities and this must be attributed to the 
different cations in the materials. The ZSM-5 samples 
also cover a wide range and this is attributable to the 
different amounts of aluminium in the framework. The AEL 
materials, however, appear very similar to each other in 
terms of the selectivity factor emphasising the small 
differences induced by different amounts of silicon. 
Table 8.8 
Comparison of Curve Fitting Constants, K and P. 
and Selectivity Factors 
Sample Ka, 
PID S.F.- 
ZSM-5 (Si/Al= 30) 0.37 17.77 2.03 
ZSM-5 (Si/A1= 45) 0.30 15.30 4.05 
ZSM-5 (Si/A1= 90) 0.35 20.35 6.20 
ZSM-5 (Si/A1=120) 0.34 17.08 5.14 
H---Silica1ite 0.46 22.48 1.54 
Na-Si1icalite 0.49 31.85 5.30 
K-Silicalite 0.29 14.21 5.76 
Cs-Si1icalite 0.28 14.01 7.82 
Ba 2 -Si1ica1ite 0.15 8.58 3.13 
AlPO-11 0.026 1.15 0.17 
SAPO-11 (SI/A1=0.054) 0.029 1.26 0.20 
SAPO-11 (Si/Al=0.097) 0.059 2.80 0.14 
SAPO-11 (Si/Al=0.139) 0.097 4.59 0.17 
K derived from UGL.Y=(UMAX * K * m)/(1 + K * 
(kg mol) 
P derived from P={UQLy/(U.tx - UOLY)lEaw/(l - aw)1 
Selectivity factor, m1/m 
(over saturated MgC12 solution. aw0.3300) 
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The values of the Langmuir constant K are in close 
agreement for the ZSM-5 materials suggesting that the 
interactions of sorbed glycerol molecules with the 
framework are the same in all the samples. Within the 
silicalites there are marked differences. there being 
two types of interaction for the materials containing 
singly charged cations and a third type for the 
Ba—si 1 ical ite. 
The values of K are much smaller with the AEL 
materials. This suggests little interaction with the 
frameworks which in any case are organophobic. It seems 
that the uptake of glycerol may satisfy a void space 
requirement as the water activity is lowered. There may 
also be other interactions as the value of K appears to 
vary with silicon content, possibly due to silica 
zoning. With higher silicon contents the formation of 
organophilic regions seems likely. In the 
silicoaluminophosphates there may be two distinct areas, 
an aluminophosphate and an aluminosilicate (or even pure 
silica) region. 
The constant F, which relates the glycerol uptake 
and water activity, is also informative. The vast 
difference in magnitude between the MFI and AEL 
materials is obvious. Within the AEL series, however, 
the constant increases as the amount of silicon 
increases suggesting that higher silicon contents 
encourage the maximum uptakes to be reached more 
quickly. In the MFI materials the constants are an order 
of magnitude greater. This must again reflect their 
organophi 1 icity. 
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CHAPTER NINE 
THE SORPTION OF SODIUNALKYLSULPHONATES BY ZSM-5 
9.1 Introduction 
In the previous chapters the effect of framework 
species and charge balancing cations on the sorption of 
glycerol was described. By using a single sorbate for a 
series of materials it is possible to attribute all the 
effects to the sorbent. To adequately determine the 
sorption characteristics of molecular sieves, it is 
necessary to understand how the sorption properties also 
depend upon the sorbate. As there is no simple rule of 
thumb, the behaviour must be determined for each desired 
sorbate and this can be a very long and often fruitless 
process. In a number of cases it may, however, be 
desirable to study an homologous series of materials. In 
such materials the main change is simply in the 
hydrocarbon chain length, obviously an important factor 
since it can determine the balance between the hydrophilic 
and hydrophobic nature of the sorbate. 
It was therefore decided to use the same series of 
ZSM-5 samples (including H-silicalite) as before and to 
see how the sorption characteristics depend on a series of 
related sorbates. In chapter 10, similar measurements are 
reported for the silicalites. The homologous series chosen 
was that of the sodiumalkylsuiphonates (NaSx, where x 
denotes the number of carbon atoms in the hydrocarbon 
chain). This series of salts fit the necessary criteria of 
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high solubility and low volatility necessary for 
isopiestic work. 
As these materials are ionic, it was thought unlikely 
that the alurninophosphates would be sufficiently resilient 
to undergo a complete isopiestic investigation and 
tentative experiments showed that on exposure to a 
solution of the sodiumalkylsuiphonates their crystallinity 
was quickly lost. 
Three sodiumalkylsuiphonates were used for the work 
described in the next two chapters. They were 
sodiumpropanesulphOflate (NaS3), sodiunthutanesuiphonate 
(NaS4) and sodiumpentanesuiphonate (Na55) all of which 
were supplied as monohydrates by Fluka Chemie AG (Puriss 
grade). 
The dimensions of the sodiumalkylsuiphonates were 
determined by model building. In the series it is only the 
length of the alkyl chain which varies. Each additional 
CH2 group changes the molecular length by approximately 
70 pm. The molecules may be approximated by a cylinder of 
diameter 470pm and length 760pm (NaS3), 830pm (Na34) and 
900pm (Na55). It would seem, therefore, that these 
molecules could be sorbed into the channels of the NFl 
framework only if the alkyl chain is aligned along the 
channel direction. It is thus possible to calculate the 
maximum uptake of these sodiumalkylsulphonates assuming 
that no more than one molecule may pack into the channel 
width. Using the total channel length of 8810pm per unit 
cell, the maximum number of molecules which may be sorbed 
IS: NaS3 11.6; NaS4 10.6; NaS5 9.8. If the zeolite pores 
are completely filled then the maximum uptakes should 
reflect these differences. Any deviations from predictions 
will suggest that factors other than void filling are 
important, for example sorption at specific sites or 
competetive adsorption of water. 
9.2 Initial Isopiestic Results 
It was found that for all six zeolites, with all 
three sorbates, that good isopiestic plots, similar to 
those already described could be constructed. The three 
plots for imbibition into ZSM-5 (Si/Al=45) are shown in 
figures 9.1, 9.2 and 9.3 for Na33, NaS4 and NaS5 
respectively. The equilibrations were found to be slower 
than those with glycerol, particularly over the lowest 
water activitites, though when equilibrium was attained 
the results were consistent to within 0.00010g. 
The main difference between the isopiestic plots 
obtained for these systems and those already described 
lies in the solid phase line. In previous work the data 
for the solid phase system could always be fitted to a 
straight line, the gradient of which could be determined 
by least mean squares analysis. In this situation each 
sorbate molecule either increased or decreased the water 
content by a fixed amount. However, for the 
sodiumalkylsulphonates it was found that at lower water 
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Figure 9.1 
Isopiestic results for the imbibition of 
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Figure 9.2 
Isopiestic results for the imbibition of 
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activities the results followed a curve and could not be 
represented by a straight line. The solid phase lines in 
figure 9.1 show that for the three highest water 
activities (aw=0.9019, 0.8426 and 0.7528 for saturated 
BaC12, KC1 and NaCl solutions respectively) the more usual 
straight line correlation is obvious. In these cases each 
entering sodiumpropanesulphonate changes the water content 
of the zeolite by -0.10, +0.03 and -0.41 molecules 
respectively. For the three lower water activities 
(aw0.5770 (saturated NaBr solution); 0.3300 (saturated 
MgC1 2 solution); and 0.1100 (saturated LiCl solution)) the 
solid phase points now describe a curve. The results for 
the sorption of butanesuiphonate show that only the two 
highest water activities (aw=0.9019 and 0.8426) describe 
straight lines (associated changes in water molecules per 
unit cell for each entering butanesulphonate are +0.04 and 
-0.13), the four lower water activities describing curves. 
For the pentanesulphonate imbibition, all of the solid 
phase points appear to describe curves. 
It can be seen that the liquid phase points lie on 
very good straight lines and the concordancy of the 
results leaves no doubt that good isopiestic equilibrium 
had been achieved. For the solid phase line, it appears 
that the first suiphonate molecule to enter the pores 
displaces the most water, subsequent sulphonates displace 
less water until eventually a situation is reached where 
an entering molecule displaces a negligible amount of 
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water. This is unusual as it suggests that for the most 
crowded system, which contains the most 
sodiumalkylsuiphonate, there is a quantity of water which 
cannot be displaced from the pores. On further examination 
of this phenomenon, it was found that for the silicalite 
and the least aluminous ZSM-5, the solid phase data showed 
a straight line correlation. An example of a typical 
isopiestic plot for these systems is shown for the 
imbibition of sodiumpentanesuiphonate in silicalite in 
figure 9.4. Thus, there is a gradation in behaviour which 
depends on the framework composition and the water 
activity. Obviously to gain a better understanding of 
these results and more particularly to obtain good 
intersection points with the liquid phase lines it is 
necessary to have a mathematical description of the solid 
phase behaviour. 
The simplest equation which can be used to describe 
the curves shown in figures 9.1, 9.2 and 9.3 15: 
Y = YINF + b/(a + X) 	 Eqn. 9.1 
where Y represents the weight of water per gram of 
anhydrous zeolite, X the weight of sorbate per gram of 
anhydrous zeolite, Y jNr the value of '1 as X tends to 
infinity and a and b are two constants which describe the 
curves. Values of X (fixed by the initial amount of 
sorbate added) and Y (from the final equilibrium weights) 
are known but the value of YINF is more difficult to 
determine. If Y0 is the water uptake when there is no 
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Figure 9.4 
Isopiestic results for the imbibition of 
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sorbate present. then X=O and hence: 
Y = YINF + b/a = Y. 	 Eqn. 9.2 
Rearranging Eqn. 9.1 to eliminate the term in YINF gives: 
Y = 	- b/a + b/(a + X) 	 Eqn. 9.3 
Y.-., can be obtained from the sorbate-free sample and thus 
there are only two parameters to be determined, the 
constants a and b. 
It was found that all of the results could be fitted 
by this equation using a general least mean squares 
procedure and it is these best-fit curves which are 
shown in figures 9.1, 9.2 and 9.3. The values of Va, YINF 
and b are given for all the experimental results in 
Appendix E, the equations for the solution phase lines and 
where applicable the solid phase lines are given in 
Appendix D. 
Equation 9.1 is an empirical equation and in order to 
establish whether any meaning could be given to the 
constants and,' hence, the form of the curve, 
rearrangements were performed. The total amount of water 
which can be displaced from the zeolite pores is given by: 
Ya - YINFb/a 	 Eqn. 9.4 
which can be rearranged to give: 
a = b/(Ya - YINF) 	 Eqn. 9.5 
Substituting into equation 9.1 and then rearranging to 
give an expression in X gives: 
X = b[1/(Y - 	- 1/(Ya - YINF)] 	 Eqn. 9.6 
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which can be further manipulated to give: 
b = X(Yc, - Y1) * ( Y - 	* (Yc, - YINF) 
(Yc, - YXNF') 	 (Yc, - Y) 	Eqn. 9.7 
To simplify this further it is necessary to define f as 
the fraction of displaceable water remaining: 
f = (Y - YINF)/(Yc, - YINF) 	 Eqn. 9.8 
and hence the fraction of displaced water Is: 
1—f = (Y0 - Y)/(Yc, - YINF) 	 Eqn. 9.9 
Substituting both of these into eqn. 9.7 then gives: 
b = X(Y - YF) * f/(1 — f) 	 Eqn. 9.10 
This equation shows that b resembles an equilibrium 
constant and infact has the units of concentration 
squared. It is, however, difficult to define the 
equilibrium as it must be remembered that since these 
points are all on the solid phase side of the isopiestic 
plot then all of the contents are intracrystallirie and are 
not in equilibrium with an external solution phase. 
For each value of X there is a different amount of 
sorbate inside the pores of the zeolite. If this sorbate 
affects, for example, the overall hydrophilic nature of 
the pore system then, in effect, there is a different 
sorbent for water for each value of X. As in this example 
the alkylsulphonates carry a negative charge, it is 
expected that an increase in the alkylsulphonate content 
of the zeolite should increase the hydrophilicity of the 
zeolite. An increase in hydrophilicity thus means that the 
intracrystalline water is more strongly held within the 
pore system and less of it will be displaced by an 
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entering sorbate molecule. 
From this it would appear that the entering sorbate 
molecules play a very strong part in determining the 
sorption properties of the partially filled zeolite. 
From eqn. 9.1 it is easy to see the effect of small 
additions of sorbate, by using the approximation that for 
small X, (1 + X/a)_t = (1 - X/a). Eqn 9.1 can be 
rewritten to give: 
Y = YXNF -4- (b/a)(1 + X/a) 1 	 Eqn. 9.11 
which using the approximation (and a = b/(Y  
becomes: 
Y = Y. - (X/b)(Yc, - 	 Eqn. 9.12 
Initially therefore, the slope depends upon (Y0 - Y1)2, 
the more displaceable water there is, the more readily it 
is displaced. It can also be seen that small values of b 
correspond to the easy displacement of water. 
It is to be expected that the more hydrophilic the 
material then the more difficult it will be to displace 
the water. The relative hydrophilicities of the samples 
used in this work were detailed in chapter 3. 
The calculated values for the constant, b, over 
saturated LiC1 solution (aw=0.1100) are given in 
table 9.1. In the situations where there is no apparent 
change in the hydrophilic nature of the zeolite by the 
entering sorbates then the above equations cannot be 
applied and b has no meaning. 
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Table 9.1 
Values of Curve Fitting Factor, b', 
over saturated LiC1 solution (a=0.1100) 
10000b (gg-1 ) 2 
Sample NaS3 NaS4 NaS5 
ZSM-5 (Si/Al= 30) 38.1 120.2 231.6 
ZSM-5 (Si/Al= 45) 11.2 14.5 22.0 
ZSM-5 (Si/Al= 60) 9.5 12.9 14.5 
ZSM-5 (Si/Al= 90) 2.4 12.1 13.0 
ZSM-5 (Si/Al=120) -aL  4.8 3.8 
Silicalite - -OL  
Could not be determined, 
experimental data fits a linear relationship. 
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It should be noted that this effect was only observed 
for ZSM-5 (Si/Al=45) over the lower water activities for 
both NaS3 and NaS4 sorption and for all water activities 
with NaS5. Different zeolites did not necessarily have the 
same number of curves and straight lines to represent the 
experimental data. At the highest water activities (for 
NaS3 aw=0.9019, 0.8426 and 0.7528 and for NaS4 a=0.9019 
and 0.8426) there is a large amount of water in the pores 
and all of this cannot be associated with the hydrophilic 
aluminium centres in the framework. As the water activity 
as lowered the water contents of the zeolites fall, as can 
be seen for the sorbate—free systems in table 9.2. It is 
also worth noting from this table that the water contents 
are essentially independent of which of the 
alkylsulphonates is used. This is exactly as expected as 
the water content will only be controlled by the water 
activity in the desiccator. As this is in turn controlled 
by the saturated salt solution it will be the same for all 
systems. The water which is most resistant to the lowering 
of the water activity must be that which is most tightly 
bound by the framework, i.e. that close to the charge 
centres. It would seem, therefore, that the change in the 
hydrophilic character of the pores, induced by the 
sorbates, is small and when large amounts of water are 
present the change in hydrophilicity caused by an entering 
sulphonate is too small to be observed. Until the 
situation is reached where all of the water in the pores 
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Table 9.2 
Water Contents For Sorbate-Free Systems 
Water Content (molecules per unit cell) 
BaC12 KC1 NaCl NaBr MgC12 LIC1 
a=0.902 0.843 0.753 0.577 0.330 0.110 
ZSM-5 (Si/Al- 30) 
Na-propanesuiphonate 34.4 27.7 25.8 21.6 15.0 10.6 
Na-butanesuiphonate 33.9 29.8 26.9 22.6 14.6 10.8 
Na-pentanesuiphonate 36.7 32.7 29.4 24.5 19.2 13.8 
ZSM-5 (Si/Al- 45) 
Na-propanesuiphonate 27.8 28.1 25.5 23.0 17.3 10.6 
Na-butanesuiphonate 25.2 24.4 25.9 24.1 15.2 11.7 
Na-pentanesuiphonate 28.0 25.0 23.3 20.0 12.3 6.0 
ZSM-5 (Si/Al- 60) 
Na-propanesuiphonate 19.1 19.1 17.8 14.8 10.3 6.3 
Na-butanesuiphonate 20.1 18.3 16.8 14.1 9.8 6.9 
Na-pentanesuiphonate 19.3 18.1 17.1 13.8 9.8 5.7 
ZSM-5 (Si/Al- 90) 
Na-propanesuiphonate 17.3 16.3 15.8 13.3 10.3 7.1 
Na-butanesuiphonate 16.9 15.1 13.6 13.3 9.6 6.6 
Na-pentanesuiphonate 16.1 15.5 15.0 12.2 9.6 7.7 
ZSM-5 (Si/Al-120) 
Na-propanesuiphonate 14.6 12.7 11.5 9.0 7.0 4.0 
Na-butariesuiphonate 14.6 10.7 10.9 8.8 6.9 3.9 
Na-pentanesuiphonate 15.8 12.6 13.9 8.8 6.5 3.9 
Silicalite 
Na-propanesuiphonate 9.3 8.6 8.1 6.9 4.9 3.6 
Na-butanesuiphonate 8.8 8.5 8.0 7.0 5.2 3.9 
Na-pentanesuiphonate 9.4 8.5 7.4 6.4 4.6 4.1 
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is associated with the charge centres, then the effect of 
the entering sorbates is masked. There will therefore only 
be a small range of water activities where this effect can 
be measured. For the imbibition of NaS5 in ZSM-5 
(Si/Al=45) it appears that the effect can be observed for 
the complete range of water activities studied, this was 
not necessarily true for all the zeolite samples. As the 
water activity is further lowered then some of the water 
associated with the charge centres is also removed. It is 
then expected that the remaining water will be even more 
strongly sorbed in the pores and subsequently harder to 
displace. It is suggested that this causes the values of b 
to be high at low water activities and high aluminium 
contents. The different forms of the solid phase lines can 
be seen in figures 9.1, 9.2 and 9.3. The different forms 
of the solid phase lines can be interpreted. For example, 
the solid phase lines for the imbibition of 
sodiumpentanesuiphonate in ZSM-5 (Si/Al=30) are shown in 
figure 9.5. This example illustrates the case for which 
the curvature is most pronounced, even though this 
curvature is not obvious until the water activity of 
saturated MgCl2 (aw=0.3300) is reached, unlike the ZSM-5 
(Si/Al=45) results which showed curvature for all water 
activities for the imbibition of pentanesulphonate. At 
high water activities (saturated BaC12 solution aw0.9019, 
saturated KC1 solution aw=0.8426 and saturated NaCl 
solution aw=0.7528), each entering pentanesulphonate 
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Figure 9.5 
Solid phase lines (without experimental points) for 
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displaces a fixed amount of water; 0.64, 0.55, 1.20 and 
1.51 water molecules per sorbate molecule respectively. 
Over MgC1 2 there are 19.2 water molecules per unit 
cell in the sorbate-free system. This corresponds to 
approximately 6.2 water molecules per aluminium centre. At 
this stage the effect of imbibition of 
sodiumpentanesuiphonate molecules becomes apparent. The 
first sorbate molecules which enter displace approximately 
3.40 water molecules each (calculated from the unit cell 
composition of the sample with the smallest quantity of 
added sorbate compared with that of the sorbate-free 
sample) . In comparison, by using the compositions of the 
the sample closest to the intersection point and that of 
the intersection point itself it is found that by this 
stage each entering sodiumpentanesulphonate molecule 
lowers the water content by only 0.11 water molecules. 
Both the MgC1 2 and the LIC1 water activities lead to 
the curvature in the solid phase lines. The two values of 
b being 0.0026 (saturated MgC1 2 solution, a=0.3300) and 
0.0232 (gg) 2 (saturated LIC1 solution, a=0.1100). It 
was previously mentioned that small values of b correspond 
to the easy displacement of water, thus lowering the water 
activity from 0.3300 to 0.1100 makes all the water 
molecules which are in the pores much harder to displace. 
Lowering the water activity also increases the sulphonate 
content. As in the MgCl2 example, the initial water loss 
over saturated LiC1 solution can be equated to 2.79 water 
MW 
molecules per pentanesulphonate molecule, and close to the 
point of intersection this value has fallen to 0.95. For 
small amounts of sodiumpentanesuiphonate, the amount of 
water displaced per sorbate molecule is shown as a 
function of water activity (fig. 9.6) When the solid phase 
line is linear, the water molecules displaced per entering 
pentanesulphonate depends on the water activity and 
although it seems that this is also true for the lower 
water activities for which the solid phase lines were 
described by curves, it must be remembered that eqn. 9.12 
showed that the initial slope (and hence change in water 
content as a function of alkylsulphonate content) varied 
with the term (Y - 
The imbibition of the alkylsuiphonates thus has a 
marked effect on the hydrophilic nature of the zeolite and 
each sodiumalkylsuiphonate molecule sorbed increases the 
hydrophilicity, probably due to an increase in the number 
of charge centres in the unit cell. 
The amount of water in the zeolites is thus a 
function both of the aluminium content and of the 
sodiurnalkylsuiphonate content. Considering first the 
alkylsulphonates it can be seen from table 9.1 that for 
any particular zeolite sample the value of the constant b 
increases in the series: 
NaS3 > NaS4 > NaS5 
It appears that as the chain length of the sorbate 
increases then the water in the pores becomes harder to 
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Figure 9.6 
Water molecules initially displaced per imbibed 
sodiumpentanesuiphonate as a function of water activity 
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displace and the zeolites appear more hydrophilic. This is 
an unexpected result as increasing the alkyl chain length 
undoubtedly increases the net hydrophobic nature of the 
sodiumalkylsulphonate. However, it must be remembered that 
the hydrophilicity of the suiphonate groups and the sodium 
ion remain the same. 
The shapes of the curves describing the solid phase 
situations can also be seen to vary with the aluminium 
content of the zeolite. For the three sulphonates studied 
it is always true that the higher aluminium content of the 
framework the higher the values of b and thus the water is 
more difficult to displace from the aluminous materials. 
This is exactly in line with the thermal analysis results 
of hydrophilicity described in chapter 3. The values of b 
do not vary linearly with the aluminium content, probably 
reflecting the fact that b depends on a variety of 
factors. However, the more aluminous the zeolite, the 
higher the initial water content and hence the higher the 
value of displaceable water content. It should be noted, 
however, that the higher the aluminium content the more 
water will be associated closely with a charge centre and 
the harder this water will be to displace. 
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9.3 Unit Cell Compositions At Equilibrium 
Despite some of the systems showing curves for the 
solid phase it was still possible to obtain the 
intersection points with the solution phase lines. The 
equations of all the lines are tabulated in Appendix D, 
and where curves were obtained, the values of Y. YXNF and 
b are listed in Appendix E. The value for the intersection 
points, along with the water uptake for the sorbate-free 
systems, are tabulated in tables 9.3 (NaS3), 9.4 (NaS4) 
and 9.5 (NaS5). From these it was possible to determine 
the unit cell compositions, though when the solid phase 
lines are curves the error in determining the intersection 
is larger. These unit cell compositions are given in 
tables 9.6 (NaS3), 9.7 (NaS4) and 9.8 (Na55). This is 
mainly related to the error in the best-fit' curve as, 
while the curves provided a good representation of the 
points, small variations (particularly in the weight of 
the sorbate-free sample) could lead to large errors. 
The unit cell compositions for the intersection point 
of the solid and liquid phase lines over saturated MgC1 2 
solution (aw0.3300) are collated in table 9.9 in order 
that the various trends may be examined more readily. It 
has already been reported that the water uptake for the 
sorbate-free system was found to be independent of the 
sorbate used, as expected. For any particular sorbate it 
is obvious that as the amount of aluminium in the 
framework decreases then, in general, the uptake of water 
Table 9.3 
Water and Na-propanesulphonate (NaS3) Uptakes for 
ZSM-5 Type Molecular Sieves 
Sat.Sol. 	 Uw 	 Uwb 	 UN.!L 83C 
ZSM-5 (Si/Al-30) 
BaC12(aw0.9019) 9.71 11.27 3.93 
KC1 	(a=0.8426) 7.97 9.33 5.99 
NaCl (a=0.7528) 7.46 7.35 7.36 
NaBr 	(aw=0.5770) 6.32 5.72 8.06 
MgC1 2 (aw0.3300) 4.48 344 13.03 
LIC1 	(a0.1100) 3.20 1.52 14.96 
ZSM-5 (Si/Al-45) 
BaC1 2 (aw0.9019) 7.99 7.62 3.90 
KC1 	(aw=0.8426) 8.06 8.17 4.15 
NaCl (aw=0.7528) 7.37 4.80 6.30 
NaBr 	(aw0.5770) 6.70 4.30 11.56 
MgC1 2 (aw0.3300) 5.12 2.74 11.13 
LIC1 	(aw=0.1100) 3.19 1.60 11.01 
ZSM-5 (Si/Al-60) 
BaC12(aw=0.9019) 5.62 6.37 3.68 
KC1 	(aw0.8426) 5.62 4.41 4.57 
NaCl (a0.7528) 5.26 3.65 4.83 
NaBr 	(aw=0.5770) 4.41 2.78 . 	 5.47 
MgC1 2 (aw0.3300) 313 1.68 9.89 
LIC1 	(awO.11OO) 1.93 1.15 10.01 
ZSM-5 (Si/Al-90) 
BaC12(aw0.9019) 5.13 7.05 3.93 
KC1 	(a=0.8426) 4.86 4.86 4.79 
NaCl (a0.7528) 4.70 3.55 5.68 
NaBr 	(aw0.5770) 4.00 2.36 5.77 
MgC12(aw0.3300) 3.13 1.73 7.31 
LIC1 	(aw=0.1100) 2.18 1.26 7.08 
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Table 9.3 (cont.) 
ZSM-5 (Si/Al-'120) 
BaCl2(a=0.9019) 4.35 4.50 3.08 
ICC1 	(a=0.8426) 3.82 3.59 435 
NaCl (aw=0.7528) 3.48 2.94 5.68 
NaBr (aw=0.5770) 2.73 2.01 7.19 
MgC12(aw=0.3300) 2.13 1.34 7.71 
LIC1 	(a=0.1100) 1.24 0.70 10.32 
H-si 1 ical ite 
BaC12(aw0.9019) 2.83 2.14 2.21 
KC1 	(a=0.8426) 2.63 1.52 2.88 
NaC1 (aw=0.7528) 2.46 1.78 4.36 
NaBr (aw0.5770) 2.11 1.41 5.24 
MgC12(aw=0.3300) 1.51 0.96 4.27 
LIC1 	(a=O.11OO) 1.11 - _ct  
Uptake of water in Na-propanesuiphonate-free 
sample 
[100U 	(gg 1 anhydrous zeolite)] 
b Uptake of water at point of maximum 
Na-propanesuiphonate uptake 
[lOOUw (gg' anhydrous zeolite)] 
Maximum uptake of Na-propanesuiphonate 
[100UN3 (gg-3- anhydrous zeolite)) 
Could not be determined 
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Table 9.4 
Water and Na-butanesuiphonate (NaS4) Uptakes for 
ZSM-5 Type Molecular Sieves 
Sat. Sol . 	 UW.Im Uwb 	 UN84° 
ZSM-5 (Si/Al-30) 
BaC1 2 (aw0.9019) 9.59 8.27 6.98 
KC1 	(a=0.8426) 8.53 7.43 9.12 
NaCl (a=0.7528) 7.76 6.56 10.23 
NaBr (a=0.5770) 6.59 4.72 10.88 
MgC1 2 (aw=0.3300) 4.36 3.35 10.82 
LIC1 	(a=0.1100) 3.27 _d 
ZSM-5 (Si/Al'-45) 
BaC1 2 (aw0.9019) 7.30 7.61 7.84 
KC1 	(aw=0.8426) 7.08 5.87 9.44 
NaC1 	(a=0.7528) 7.50 5.20 12.23 
NaBr (aw=0.5770) 7.00 3.94 13.61 
MgC1 2 (aw=0.3300) 4.53 2.65 12.20 
LIC1 	(aw=0.1100) 4.39 1.44 14.56 
ZSM-5 (Si/Al-60) 
BaCl 2 (aw0.9019) 5.91 3.51 6.11 
KC1 	(a=0.8426) 5.42 3.11 8.58 
NaC1 (aw=0.7528) 5.00 2.97 8.99 
NaBr (aw=0.5770) 4.21 2.13 9.89 
MgC12(aw0.3300) 2.98 1.36 10.09 
LiC1 	(a=0.1100) 2.10 0.43 11.01 
ZSM-5 (Si/Al-90) 
BaC12(aw0.9019) 5.01 3.63 5.98 
KC1 	(aw=0.8426) 4.51 3.04 7.99 
NaCl (aw=0.7528) 4.09 3.08 11.13 
NaBr (aw0.5770) 3.98 2.19 12.03 
MgC1 2 (aw=0.3300) 2.91 1.50 12.88 
LIC1 	(aw=0.1100) 2.03 0.67 11.52 
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Table 9.4 (cont.) 
ZSN-5 (Si/Al-120) 
BaCl 2 (a=0.9019) 4.35 3.03 5.74 
KC1 	(a=0.8426) 3.24 3.22 7.98 
NaCl (aw=0.7528) 3.30 2.52 8.01 
NaBr 	(aw=0.5770) 2.69 1.88 8.82 
MgC12(aw=0.3300) 3.00 1.61 9.95 
L1C1 	(aw0.1100) 2.10 0.86 9.21 
H-sil icalite 
BaC1 2 (aw=0.9019) 2.67 1.80 4.52 
KC1 	(aw=0.8426) 2.59 1.17 5.23 
NaCl (aw0.7528) 2.43 1.64 7.27 
NaBr 	(a=0.5770) 2.13 1.33 8.66 
MgC1 2 (aw0.3300) 1.60 0.90 9.11 
LIC1 	(aw0.1100) 1.20 - 
Uptake of water in Na-butanesuiphonate--free sample 
[100Uw (gg 	anhydrous zeolite)] 
In Uptake of water at point of maximum 
Na-butanesuiphonate uptake 
[100U (gg 1 anhydrous zeolite)] 
Maximum uptake of Na-butanesuiphonate 
[10OUNS4 (ggt anhydrous zeolite)] 
Could not be determined 
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Table 9.5 (cont.) 
ZSM-5 (Si/A1-120) 
BaC12(a=0.9019) 4.71 3.45 13.24 
KC1 	(a=0.8426) 3.80 2.61 18.20 
NaCl (aw=0.7528) 4.15 1.92 17.78 
NaBr 	(a=0.5770) 2.67 1.55 17.81 
MgCl2(aw=0.3300) 1.98 1.01 17.93 
LIC1 	(aw=O.11OO) 1.20 0.73 18.02 
H-si 1 ical ite 
BaC1 2 (aw0.9019) 2.85 0.31 5.67 
KC1 	(a=0.8426) 2.60 073 3.97 
NaCl (a=0.7528) 2.26 0.72 4.05 
NaBr (aw0.5770) 1.97 0.26 4.43 
MgC12(aw=0.3300) 1.43 0.29 5.28 
LIC1 	(a=0.1100) 1.27 0.23 6.70 
Uptake of water in Na-pentanesuiphonate-free 
sample 
[100U- (gg' anhydrous zeolite)] 
b Uptake of water at point of maximum 
Na-pentanesulphonate uptake 
[100Uw (gg- anhydrous zeolite)] 
Maximum uptake of Na-pentanesuiphonate 
[10OUNa8 (gg 1 anhydrous zeolite)] 
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Table 9.6 
Water and Na-propanesuiphonate (NaS3) Uptakes in 
Terms of Molecules Per Unit Cell for ZSM-5 
Type Molecular Sieves 
Sat. Sol . 	 U W401M 	 Uw' 	 UNL83° 
ZSM-5 (Si/Al-30) 
BaC12(aw=0.9019) 34.41 40.64 1.61 
KC1 	(a=0.8426) 27.71 32.93 2.51 
NaCl (a=0.7528) 25.80 25.39 3.13 
NaBr 	(a=0.5770) 21.59 19.41 3.46 
MgCl2(aw=0.3300) 15.01 11.40 5.91 
LIC1 	(a=0.1100) 10.58 4.94 6.94 
ZSM-5 (Si/Al-45) 
BaC12(aW=0.9019) 27.79 26.40 1.60 
KC1 	(a=0.8426) 28.05 28.47 1.71 
NaC1 (aw=0.7528) 25.46 16.13 2.65 
NaBr 	(a=0.5770) 22.98 14.38 5.16 
MgCl2(a=0.3300) 17.27 9.02 4.94 
LIC1 	(a=0.1100) 10.54 5.20 4.88 
ZSM-5 (Si/Al-60) 
BaCl2(a=0.9019) 19.05 21.77 1.51 
KC1 	(a=0.8426) 19.05 14.76 1.89 
NaCl (a=0.7528) 17.77 12.12 2.00 
NaBr 	(a=0.5770) 14.76 9.15 2.28 
MgC12(aw=0.3300) 10.34 5.47 4.33 
LiC1 	(a=0.1100) 6.30 3.72 4.39 
ZSM-5 (Si/A1-90) 
BaC1 2 (aw0.9019) 17.30 24.27 1.61 
KC1 	(a=0.8426) 16.35 16.35 1.98 
NaC1 (aw0.7528) 15.78 11.78 2.38 
NaBr (aw=0.5770) 13.33 7.73 2.42 
MgC12(aw=0.3300) 10.34 5.63 3.11 
LiC1 	(aw=0.1100) 7.13 4.08 3.01 
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Table 9.6 (cont.) 
ZSM-5 (Si/Al-120) 
BaCl2(a=0.9019) 14.55 15.08 1.25 
KC1 	(a=0.8426) 12.71 11.92 1.79 
NaCl (aw=0.7528) 11.54 9.69 2.38 
NaBr 	(aw=0.5770) 8.98 6.56 3.06 
MgC12(aw=0.3300) 6.96 4.35 3.30 
LaC1 	(aw=0.1100) 4.02 2.26 4.54 
H-sil icalite 
BaCl2(a=0.9019) 9.32 7.00 0.89 
KC1 	(aw=0.8426) 8.64 5.93 1.17 
NaC1 (a=0.7528) 8.07 5.80 1.80 
NaBr 	(a=0.5770) 6.90 4.58 2.18 
MgC1 2 (aw0.3300) 4.91 3.10 1.76 
LIC1 	(a=O.11OO) 3.59 -Cl  - 
Water molecules per unit cell for 
Na-propanesul phonate-free sample 
Water molecules per unit cell at point of maximum 
Na-propànesulphonate uptake 
Maximum uptake of Na-propanesulphonate 
in molecules per unit cell - 
Could not be determined 
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Table 9.7 
Water and Na-butanesuiphonate (NaS4) Uptakes in terms of 
number of molecules per unit cell for ZSM-5 Type 
Molecular Sieves 
Sat.Sol. 	 U walft 	 Uw 
ZSM-5 (Si/Al-'30) 
BaC1 2 (aw=0.9019) 33.94 28.85 2.70 
KC1 	(a0.8426) 29.84 25.68 3.61 
NaCl 	(a=0.7528) 26.92 22.47 4.10 
NaBr 	(aw=0.5770) 22.58 15.85 4.39 
MgC1 2 (aw0.3300) 14.59 11.09 437 
LIC1 	(aw=0.1100) 10.82 
ZSM-5 (Si/A145) 
BaC1 2 (aw0.9019) 25.20 26.36 3.06 
KC1 	(a=0.8426) 24.38 19.96 3.75 
NaCl (aw0.7528) 25.95 17.55 5.02 
NaBr (aw=0.5770) 24.09 13.13 5.67 
MgC12(aw0.3300) 15.18 8.71 5.00 
LIC1 	(a=O.11OO) 14.69 4.68 6.13 
ZSM-5 (Si/Al-60) 
BaC1 2 (aw0.9019) 20.10 11.64 2.34 
KC1 	(a=0.8426) 18.34 10.27 3.38 
NaCl (a0.7528) 16.84 9.79 3.56 
NaBr 	(aw0.5770) 14.06 6.96 3.95 
MgC1 2 (aw0.3300) 9.83 4.41 4.04 
LIC1 	(aw=0.1100) 6.86 1.38 4.45 
ZSM-5 (Si/A1'90) 
BaC1 2 (aw0.9019) 16.88 12.05 2.29 
KC1 	(a0.8426) 15.11 10.03 3.13 
NaCl (aw0.7528) 13.65 10.17 4.51 
NaBr (aw0.5770) 13.26 7.16 4.92 
MgC1 2 (aw0.3300) 9.59 4.87 5.32 
LiCl 	(aw0.1100) 6.63 2.16 4.69 
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ZSM-5 (Si/A1-120) 
BaC1 2 (a=0.9019) 14.55 10.00 2.19 
KC1 	(a=0.8426) 10.71 10.65 3.12 
NaCl (a=0.7528) 10.92 8.27 3.13 
NaBr (a=0.5770) 8.85 6.13 3.48 
MgC12(aw=0.3300) 9.90 5.24 3.98 
LIC1 	(aw0.1100) 6.86 2.78 3.65 
H-silicalite 
BaC1 2 (aw0.9019) 8.78 5.87 1.70 
KC1 	(a=0.8426) 8.51 3.79 1.99 
NaCl (a0.7528) 7.99 5.34 2.82 
NaBr 	(a=0.5770) 6.96 4.31 3.41 
MgCl2(aw=0.3300) 5.20 2.91 3.61 
LIC1 	(a0.1100) 3.89 - - 
Water molecules per unit cell in 
Na-butanesuiphonate-free sample 
b Water molecules per unit cell at point of maximum 
Na-butanesuiphonate uptake 
Maximum number of molecules of Na-butanesulphonate 
per unit cell 
d Could not be determined 
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Table 9.8 
Water and Na-pentanesuiphonate (NaS5) Uptakes in Terms 
of Molecules Per Unit Cell for ZSM-5 Type Molecular 
Sieves 
Sat.Sol. 	 UW 
ZSM-5 (Si/A1-30) 
BaCl 2 (a=0.9019) 36.74 30.34 4.02 
KC1 	(a=0.8426) 32.66 27.64 3.41 
NaCl (aw0.7528) 29.12 22.47 3.43 
NaBr 	(a0.5770) 24.53 16.24 4.11 
MgCl 2 (a0.3300) 19.23 12.47 5.61 
LICI 	(aw=0.1100) 13.82 7.20 4.14 
ZSM-5 (Si/A1-45) 
BaCl2(aw=0.9019) 28.02 17.80 2.73 
KC1 	(aw0.8426) 24.98 14.31 5.03 
NaCl (a0.7528) 23.27 11.64 4.54 
NaBr 	(a=0.5770) 19.96 8.81 5.55 
MgC1 2 (a0.3300) 12.29 6.06 6.26 
LIC1 	(awO.11OO) 6.03 2.06 5.14 
ZSM-5 (Si/A1-60) 
BaCl 2 (a=0.9019) 19.31 10.59 3.73 
KC1 	(a=0.8426) 18.12 10.41 3.69 
NaCl (aw0.7528) 17.13 9.42 3.63 
NaBr 	(a0.5770) 13.82 7.43 3.82 
MgCl2(aw0.3300) 9.83 4.94 4.99 
LIC1 	(aw0.1100) 5.70 1.77 5.47 
ZSM-5 (Si/A1-90) 
BaC12(aw0.9019) 16.13 11.85 2.78 
KC1 	(aw=0.8426) 15.50 10.95 4.09 
NaCl 	(a=0.7528) 14.97 10.27 3.81 
NaBr (aw=0.5770) 12.16 8.78 4.79 
MgC12(aw0.3300) 9.59 6.83 4.84 
LIC1 	(aw0.1100) 7.70 4.81 5.09 
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Table 9.8 (cont.) 
ZSM-5 (Si/Al-120) 
BaCl2(a=0.9019) 15.82 11.43 5.05 
KC1 	(a=0.8426) 12.64 8.58 7.37 
NaCl (aw=0.7528) 13.85 6.26 7.16 
NaBr 	(aw=0.5770) 8.78 5.04 7.17 
MgCl2(aw=0.3300) 6.46 3.26 7.23 
LIC1 	(a=0.1100) 3.89 2.35 7.28 
H-eli icailte 
BaC1 2 (aw=0.9019) 9.39 1.00 1.99 
KC1 	(aw=0.8426) 8.54 2.35 1.37 
NaCl (aw=0.7528) 7.40 2.32 1.40 
NaBr 	(a=0.5770) 6.43 0.83 1.53 
MgC12(aw=0.3300) 4.64 0.93 1.85 
LIC1 	(a=0.1100) 4.12 0.74 2.38 
Water molecules per unit cell for 
Na-pentanesulphonate-free sample 
ID Water molecules per unit cell at point of maximum 
Na-pentanesuiphonate uptake 
o Maximum uptake of Na-pentanesulphonate 
[in molecules per unit cell 
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Table 9.9 
Comparison of Unit Cell Compositions Over Saturated NgC1 2 
Rrdiitinn (,=0L3300) in Molecules Per Unit Cell 
Sample NaS3 N 
salt water salt 
ZSM-5 (Si/A1 30) 5.91 11.40 4.37 
ZSM-5 (Si/Al= 45) 4.94 9.02 5.00 
ZSM-5 (Si/Al= 60) 4.33 5.47 4.04 
ZSM-5 (Si/Al= 90) 3.11 5.63 5.32 
ZSM-5 (Si/Al=120) 3.30 4.35 3.9E 
Silicalite 1.76 3.10 3.61 
4 	 NaS5 
water salt water 
11.09 5.61 12.47 
8.71 6.26 6.06 
4.41 4.99 4.94 
4.87 4.84 6.83 
5.24 7.23 3.26 
2.91 1.85 0.93 
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decreases. This is exactly as expected as the charge 
centres confer hydrophilicity. Figure 9.7 shows the unit 
cell compositions for the sorbate-free systems and at the 
point of maximum sorbate uptake for the imbibition of 
propanesuiphonate over saturated MgC1 2 solution 
(a=0.3300) as a function of aluminium content. It is 
obvious from this that the two water-content figures are 
closely related and show the same trend of increasing 
hydrophilicity with increasing aluminium. In the 
sorbate-free system the water content increases by 3.81 
water molecules per framework aluminium, for the point of 
maximum sorbate uptake the value shows an increase of 2.78 
water molecules per framework aluminium. This is exactly 
as expected and shows that while the water uptake is known 
to be affected by the sorption of the a].kylsulphonate, the 
trend in hydrophilicity of the zeolitic framework is still 
the dominant factor in determining water content. The 
trend of increasing propanesuiphonate content with 
increasing aluminium content is more difficult to explain. 
For each aluminium there is an increase of approximately 
1.34 sodiumpropanesuiphonate molecules per unit cell at 
the point of maximum uptake. As the aluminium content is 
increased, there is an increase in the quantity of ionic 
charge centres in the framework. It appears that this 
charged environment favours the sorption of the salt and 
suggests that its charged components interact with the 
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centres are unlikely to favour the hydrophobic hydrocarbon 
chain; these will prefer the less polar regions. The 
zeolite can be thought of as a solvent, providing both 
polar and non-polar regions for the sorbate. It is worth 
noting that the number of alkylsulphonate molecules 
imbibed per unit cell is significantly less than the 
theoretical maximum and thus, unlike the earlier glycerol 
work, the pores are never full of organic sorbate. It 
seems likely that the sorbate molecules take up optimum 
positions where their interaction with both regions of the 
framework is maximised and in doing so set up an 
arrangement of sorbate molecules which will not allow 
complete filling of the void space by the sorbate. 
Figure 9.8 shows the corresponding results for the 
sorption of sodiumbutanesuiphonate. Here the water content 
for both the sorbate-free system and at the point of 
maximum sorbate uptake also follow a linear relationship 
with aluminium content, the water content for the 
sorbate-free system increases by 3.02 water molecules per 
framework aluminium while the water content at the point 
of maximum sodiumbutanesuiphoriate imbibition increases by 
2.63 water molecules per framework aluminium. The major 
difference to the results for the sodiumpropanesulphonate 
plot is in the uptake of the sodiumbutanesuiphonate, there 
is almost the same uptake for all the samples, though the 
line does have a very slight positive gradient, 
424 
Figure 9.8 
Unit cell composition, in molecules per unit cell, as a 
function of aluminium content per unit cell for the 
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corresponding to an increase of 0.23 
sodiurithutanesuiphonates per framework aluminium. With an 
increase in hydrocarbon chain length, the sorbate is 
expected to become more organic' in character i.e. the 
ionic component becomes less important. Thus the sorbate 
should become less soluble in water and more attracted to 
the hydrophobic environment of the zeolite. This is 
clearly shown in a comparison of the 
sodiumbutanesuiphonate results with those for the 
propanesuiphonate in table 9.9. For example the uptake of 
NaS4 by silicalite is twice that of NaS3. While table 9.9 
only shows the results for equilibration over saturated 
MgCl2 (aw=0.3300) the same relationship can be found by 
comparing the results in tables 9.6 and 9.7 for all other 
water activities studied. The most important change is, 
therefore, that the longer alkyl chain is more attracted 
to hydrophobic silica areas and increases the uptakes. 
This leads to a situation for NaS4 where the sorbate 
uptake is almost independent of the aluminium content of 
the zeolite. 
There are, therefore, two different interactions 
depending upon the nature of the framework: 
1. The longer alkyl chain is more attracted to a 
siliceous framework. This has the effect of 
increasing uptake with decreasing aluminium 
content. 
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2. The ionic component of the sorbate prefers the 
ionic centres of the zeolite frameworks. This 
leads to an increase in the imbibition with an 
increase in aluminium content. 
It seems, therefore, that these effects cancel each 
other out and there is no marked correlation with 
aluminium content. The observation that there is still a 
slight positive gradient to the line (fig.9.8) suggests 
that the charges on the framework and the sorbate still 
provide the dominant interaction. 
Using the above argument it may be expected that the 
results for the sorption of pentanesulphonate would follow 
this trend, and the sorbate uptake would now decrease with 
increasing framework aluminium content. However, as can be 
seen from figure 9.9, this does not occur. For every 
framework aluminium there is an increase in the maximum 
uptake by 0.85 sodiumpentanesuiphonate molecules per unit 
cell, though the value for ZSM-5 (Si/A1120) is 
inexplicably high. 
It is obvious that the exact situation is even more 
complex than initially thought. it was also found that the 
hydrophilicities of the sulphonate-loaded zeolites depend 
on the suiphonate used. The water contents at equilibrium 
were all found to vary linearly with the aluminium content 
and it is therefore possible to express the change in 
hydrophilicity with aluminium content by measuring the 
gradients of these lines. 
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Figure 9.9 
Unit cell composition, in molecules per unit cell, as a 
function of aluminium content per unit cell for the 
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Thus, it appears that the sorption of the sulphonates is 
favoured by an ionic environment in the zeolite with a 
substantial amount of associated water. In the case of 
sodiumpentanesulphonate the effect is strengthened by 
interaction of the hydrocarbon chain with the organophilic 
regions of the zeolite. It is clear that the behaviour of 
these systems is very complex and that there are a number 
of interacting factors which affect the sorption behaviour 
and which are difficult to disentangle. The differences in 
the uptakes of the three alkylsuiphonates with framework 
aluminium content are further illustrated in figure 9.10. 
As with the glycerol sorption, a good correlation was 
observed between the water activity and the sorbate uptake 
and this could be represented by the equation: 
P = EU8OL/(UMAx - UN8J1[aw/(1—aw)1 	Eqn. 9.13 
where Ux is the maximum uptake of suiphonate (UN.!LS, x 
is the number of carbon atoms in the hydrocarbon chain) at 
zero water activity (aw) and P is a constant. The values 
of P for the samples studied are tabulated in table 9.10. 
An example of the fit of the 	 equatiorto the 
experimental data is shown in figure 9.11, for the 














Figure 9. 10 
Uptake of sodiurnalkylsuiphonates in ZSM-5 as a function of 
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Comparison of Values of the Constant P for the Imbibition 
of Sodiumalkylsuiphonates (NaSx, where x is the number of 
carbon atoms in the hydrocarbon chain). 	P is Derived from 
the equation: 
P = [UNs,C/(Ux - UNs)] [a/(1 - dw)] 
Sample NaS3 NaS4 NaS5 
ZSM-5 	(Si/Al= 30) 2.7 4.8 10.6 
ZSM-5 (Si/Al= 45) 4.0 12.2 14.4 
ZSM-5 	(Si/Al= 60) 3.8 14.3 21.3 
ZSM-5 (Si/A1= 90) 10.6 15.3 31.3 
ZSM-5 	(Si/Al=120) 5.6 16.1 42.2 
Silicalite 8.4 7.1 -aL  













Figure 9. 11 
Uptake of sodiumalkylsulphonates in ZSM-5 (Si/A1=90) as a 
function of water activity. Curves are derived from the 
equation: 
P = 	 - UN6X)][aw/(l - aw)] 
0 
0 







It was found that, in general, the value of the 
constant P. which is a measure of the strength of the 
sorbate interaction with the zeolite, increased with 
increasing hydrocarbon chain length. This suggests that 
the main attractive interaction is between the alkyl chain 
and the organophilic silica—rich regions. The variation 
with aluminium content is not so readily understood. 
Neither the sodiumpropanesulphonate nor the 
sodiumbutanesulphonate follow the expected dependence on 
framework aluminium content. The sodiumpentanesuiphonate 
uptakes, however, show the expected correlation, shown in 
figure 9.12, the least aluminous frameworks showing the 
strongest sorption for the alkylsulphonate. This is as 
expected, the effect being most marked for the most 
hydrophobic sorbate (NaS5). The results for the other 
alkylsuiphonates do not show the same dependence possibly 
because their hydrophobic and hydrophilic characteristics 
are more evenly balanced. Both the highly aluminous and 
the aluminium—free zeolites have weaker interactions 
(lower P values) with these sorbates while those of 
intermediate aluminium content show higher values. The low 
values for the aluminous zeolites suggest that these 
materials are not sufficiently hydrophobic whilst the 
values for the siliceous materials suggest that they are 
not sufficiently hydrophilic. Only the materials of 
intermediate aluminum content have the optimum balance of 
hydrophilicity and hydrophobicity. This is especially 
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Figure 9.12 
Variation of the constant P from the equation: 
P = [U/(UMAx - UN8)) [aw/(l - 8w)] 
as a function of aluminium content per unit cell for the 
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marked for the sodiumpropanesuiphonate and, as might be 
expected, less so for the sodiumbutanesulphonate which 
behaves more like thesodiumpentanesulphonate. 
9.4 Effect Of Solution Phase Molality 
It was shown in the previous section that the uptake 
of sulphonates was dependent upon the water activity in 
the desiccator. In the work with glycerol the uptake was 
also found to vary with the external molality and the 
isopiestic technique was described as equivalent to 
equilibration with increasingly concentrated solution 
phases. 
From the liquid phase lines it was possible to 
calculate the external molality and these values are 
listed in table 9.11. The close agreement of the results 
for each different zeolite sample shows that the external 
molality is dependent only upon the water activity and 
that a good equilibrium has been achieved. 
For the lower water activitites it was found that the 
molalities did not vary with water activity. For each 
suiphonate, a water activity was reached where the 
molality dramatically changed to a high value, which was 
out of line with the values at lower water activities. It 
was found that these values fluctuated around 50-60 molal. 
The alkylsulphonates most readily crystallise as 
monohydrates, the molality' of such a species would be 
55.5 molal. It seems, therefore, that in these isopiestic 
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Table 9. 11 
Values Of External Solution Phase Molality rn, 	(kg mol -1 ) 
Sodi umpropanesu 1 phonate 
BaC12 KC1 NaCl NaBr MgC12 
aw= 0.902 0.843 0.753 0.577 0.330 
ZSM-5 (Si/Al= 30) 2.6 4.1 6.9 64.6 63.9 
ZSM-5 (Si/Al= 45) 2.6 4.1 7.7 57.9 53.2 
ZSM-5 (Si/Al= 60) 2.6 4.2 8.0 61.5 57.6 
ZSM-5 (Si/Al= 90) 2.6 4.1 7.5 60.1 62.3 
ZSM-5 (Si/Al=120) 2.5 4.1 7.5 57.6 59.3 
Silicalite 2.6 4.1 7.5 59.6 59.3 
AVERAGE 2.6 4.1 7.5 60.2 59.3 
Sod.iumbutanesulphonate 
ZSM-5 (Si/Al= 30) 2.9 6.0 48.4 59.7 65.1 
ZSM-5 (Si/Al= 45) 2,9 5.9 52.6 50.1 59.8 
ZSM-5 (Si/Al= 60) 3.0 5.8 58.0 55.7 74.0 
ZSM-5 (Si/Al=90) 2.9 5.8 50.9 44.2 42.8 
ZSM-5 (Si/Al=120) 2.9 5.9 60.0 60.1 67.5 
Silicalite 2.9 5.7 45.7 44.0 65.2 
AVERAGE 2.9 5.9 52.6 52.3 62.4 
Sodi unipentanesu 1 phonate 
ZSM-5 (Si/Al= 30) 4.8 40.2 64.5 50.6 52.9 
ZSM-5 (Si/Al= 45) 4.8 44.0 49.5 47.4 51.4 
ZSM-5 (Si/Al= 60) 4.7 49.9 51.3 59.1 57.0 
ZSM-5 (Si/Al= 90) 4.7 47.8 55.1 50.0 51.9 
ZSM-5 (Si/Al=120) 4.8 44.6 56.1 53.2 55.6 
Silicalite 4.8 45.2 55.0 52.0 58.2 
AVERAGE 4.8 45.3 55.3 52.1 55.0 
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runs the zeolites are in contact with a solid sorbate 
monohydrate phase rather than a concentrated solution. 
This poses a few problems which must be considered. A 
solid can only have one well-defined vapour pressure (and 
hence water activity) unless it can crystallise with 
different amounts of water of crystallisation. In the 
isopiestic system, where the water activity is controlled 
by a vast excess of a saturated solution of an inorganic 
salt, these solid sorbates cannot be at true equilibrium. 
They could not reach equilibrium unless they could form a 
different hydrate which would in turn have a different 
vapour pressure. The results are given in table 9.11 for 
water activities greater than 0.1100, for saturated LiCl 
solution (aw=0.1100) the gradients of the 'solution' phase 
lines became very shallow. This indicates that there was 
some change in all of the sulphonates, perhaps to give a 
different hydrate or more likely the anhydrous salt. By 
this stage the determination of the molalities gave 
unrealistic and non-systematic values ranging from 150 
molal to 420 molal. It is probable that by this stage much 
of the water of crystallisation has been lost and the 
results have little meaning. 
The situation within the pores of the zeolites is 
quite different, the internal molalities are tabulated in 
table 9.12. In most cases the internal molality is 
significantly less than the value of 55.5 molal, there is 












Values Of Internal Solution Phase Molality (m1, 	kg mol 1 ) 
Sod iumpropanesu 1 phonate 
BaClz KC1 NaCl NaBr MgC12 L1C1 
aw= 0.902 0.843 0.753 0.577 0.330 0.110 
ZSM-5 (Si/Al= 	30) 2.4 4.4 6.9 9.7 25.9 67.4 
ZSM-5 (Si/Al= 45) 3.5 3.5 9.0 18.4 27.8 47.1 
ZSM-5 (Si/Al= 	60) 4.0 7.1 9.1 13.5 40.3 59.6 
ZSM-5 (Si/Al= 90) 3.8 6.8 11.6 16.7 28.9 38.5 
ZSM-5 (Si/Al=120) 4.7 8.3 13.2 24.5 39.4 101.0 
Silicalite 7.1 13.0 16.8 25.5 30.5 -aL  
Sodiumbutanesul phonate 
5.3 7.7 9.7 14.4 20.2 
6.4 10.1 14.7 21.6 28.8 
10.9 17.2 18.9 29.0 46.4 
10.3 16.4 22.6 34.3 53.7 
11.8 15.5 19.9 29.3 38.6 
15.7 27.9 27.7 40.7 63.3 
Sodi urnpentanesu 1 phonate 
7.2 6.8 8.2 13.1 22.2 
8.3 17.7 19.7 30.8 49.2 
18.2 18.2 19.9 26.2 49.5 
ZSM-5 (Si/Al= 30) 
ZSM-5 (Si/Al= 45) 
ZSM-5 (Si/Al= 60) 
ZSM-5 (Si/Al= 90) 
ZSM-5 (Si/Al=120) 
Si 1 ical ite 
ZSM-5 (Si/A1= 30) 
ZSM-5 (Si/Al= 45) 
ZSN-5 (Si/Al= 60) 
ZSM-5 (Si/Al= 90) 
ZSM-5 (Si/Al=120) 













Could not be determined 
I:1 
specified. This is further illustrated by the good fit of 
the experimental points to equation 9.13. Although the 
concept of an internal solution is open to question, it is 
most likely that the suiphonates form well-defined 
hydrates in the zeolite channels. Although the 
equilibrations at low water activities are no longer with 
saturated salt solutions, the results are still believed 
to represent true equilibrium for the internal contents of 
the zeolite. After the recrystallisation of the 
suiphonates the external molality is essentially fixed. 
Higher quantities of sulphonates are still imbibed, the 
internal molality is still controlled by the water 
activity within the desiccator. 
In the glycerol work (discussed in chapters 5,6 and 
7) a Larigmuir type equation was found to relate uptake and 
solution phase molality. In the alkylsulphonate work this 
is more difficult as at low water activities there is no 
external solution phase present and hence the concept of 
external molality is meaningless. Nevertheless, for all 
water activities above that at which the suiphonates 
recrystallise, Langmuir curves were found to provide a 
good fit to the data. The form of the Langmuir curve used 
was: 
UNesx (U x *K*m)/(1+K*m) 	Eqn.9.14 
where UNeLS,.0 is the uptake of sodiumalkylsulphonate with a 
hydrocarbon chain containing x carbons, U?.tx is the 
maximum uptake, m is the external solution phase molality 
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and K is a constant. From this it is possible to calculate 
the maximum uptake by contacting with a solution of the 
sulphonates, but not the absolute maximum for contact with 
a solid suiphonate phase. Nevertheless, the maximum 
uptakes which give a best-fit to the Langmuir equation are 
listed in table 9.13 for both NaS3 and NaS4. It was not 
possible to curve fit the data for NaS5 as in this case 
only a small range of external solution phase molalities 
was available. The best-fit values of K are also given in 
table 9.13 but, given the limited range of external 
molalities available, the values are unlikely to be 
sufficiently reliable to warrant detailed interpretation. 
There are also problems in considering the 
selectivity factor (previously defined as m1/m). The 
selectivity factor is only meaningful for an intrazeolite 
solution in contact with an external solution. For all the 
three sodiumaFkylsulphonates this only occurs at higher 
water activities and in the case.of NaS5 it only occurred 
at the highest water activity investigated (that of 
saturated BaC12 solution, aw=0.9019). The values of the 
selectivity factor which could be determined are listed in 
table 9.14. The variation with aluminium content is 
examined in figure 9.13. For the three sulphonates the 
values are all greater than unity except for ZSM-5 
(Si/Al=30) with sodiumpropanesulphonate. In all other 
cases the molecular sieves show a preference for the 
sodiumalkylsulphonates. The decrease in selectivity factor 
44. 
Table 9.13 
Comparison of K values from Langmuir Equation for the 
imbibition of sodiumpentanesuiphonate (NaSx, where x is 
the number of carbon atoms in the hydrocarbon chain). 	The 
form of the Langmuir equation is: 
(U 	* K * m)/(1 + K * m) 
Sample K aWaL K awft  
(mo]. 	kg) (mol kg) 
ZSM-5 	(Si/Al= 30) 	0.45 0.5770 0.74 0.7528 
ZSM-5 	(Si/Al= 45) 	0.14 0.5770 0.54 0.7528 
ZSM-5 	(Si/Al= 60) 	0.83 0.5770 0.78 0.7528 
ZSM-5 	(Si/Al= 90) 	0.84 0.5770 0.36 0.7528 
ZSM-5 	(Si/Al=120) 	0.31 0.5770 0.94 0.7528 
Silicalite 0.29 0.5770 0.47 0.7528 
aw lowest water activity for which an external solution 
phase was observed i.e. the highest molality used in 
the Langrnuir equation. The molality of this solution 
phase can be found in table 9.11. 
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Figure 9.13 
Variation of the selectivity factor (m 1 /m) for the 
imbibition of sodiurnalkylsuiphonates in ZSM-5 as a 
function of aluminium content per unit cell, for 
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with increasing aluminium content can be attributed to the 
variation in hydrophilicity previously discussed. 
The variation of the selectivity factor with chain 
length of the organic is also easily understood as the 
pattern fits the expectation that longer alkyl chains 
confer increased organic character, the most siliceous 
materials will thus show a higher preference for the 
longer chain sulphonates. 
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CHAPTER TEN 
SORPTION OF SODIUMALKYLSULPHONATES BY SILICALITE 
10.1 Introduction 
It is well known that due to a lack of framework 
charge, silicalite is hydrophobic and organophilic. What 
is not known is the way the sorption properties of a pure 
silica microporcus framework are altered by the inclusion 
of charged species, either during synthesis or by 
post—synthesis ion exchange. The aim of the work reported 
in this chapter was to investigate this problem by using 
an homologous series of organic sorbates. As mentioned 
earlier, substances in such a series are expected to show 
a gradation in characteristics such as hydrophilicity. 
Thus, changing the length of the alkyl chain should lead 
to different interactions with the framework and its ionic 
sites. A study of-the members of an homologous series 
might be expected to reveal specific effects of the 
framework ionic sites, not revealed by any single sorbate. 
There are two main questions which may be answered by 
studying the sorption of an homologous series into of 
silicalites containing different ions: 
1. How the change in chain length affects the 
sorption. With an homologous series of materials 
it may be argued that differences in the 
sorption properties are related to interactions 
with the framework rather than interactions with 
the charge centres. 
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This is most likely to be correct when the 
sorption does not lead to complete pore filling. 
2. How interactions between the cationic charge 
centres and the sorbate charge centres lead to 
differences in sorption characteristics. 
As shown in earlier chapters, isopiestic studies 
provide an exceptionally useful method of comparing 
sorption characteristics under very similar conditions. 
For example, equilibrations over the same saturated salt 
solutions lead to the same external solution phase 
molalities whatever the nature of the sorbent. 
The data for the initial isopiestic graphs obtained 
for the imbibition of NaSx into the different silicalite 
samples were found to be well represented by straight 
lines for both the solid and solution phases, with very 
small errors. As an example, figures 10.1. 10.2 and 10.3 
are shown for the imbibition of NaSx into K-silicalite. 
With data which can be accurately represented by straight 
lines, there is little difficulty in determining the 
required parameters. Tables 10.1, 10.2 and 10.3 show the 
maximum uptake of alkylsuiphonate, the water associated 
with this point and the water content of the 
alkylsuiphonate-free system for each of the three 
alkylsuiphonates. The equations for all the solid and 
liquid phase lines are given in Appendix F. 
Figure 10. 3. 
Isopiestic results for the irnbibiton of 
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Isopiestic results for the imbibiton of 
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Water and Na-propanesuiphonate (NaS3) 
Sorption by Silicalites 
Sat. Sol . 	 Uw 	 Uwb 	 UN!ISZ3 c 
Na-si licalite 
BaC1 2 (aw0.9019) 2.07 2.06 1.98 
KC1 	(aw0.8426) 1.83 1.79 2.70 
NaCl (aw=0.7528) 1.79 1.69 3.45 
NaBr 	(a0.5770) 1.71 1.61 4.32 
MgCl 2 (a0.3300) 1.41 1.36 4.97 
LiCi 	(a=01100) 1.29 1.20 5.31 
K-sil icalite 
BaCl 2 (a0.9019) 2.46 2.46 2.38 
Rd 	(a=0.8426) 2.07 1.99 3.11 
NaCl 	(aw=0.7528) 1.92 1.88 3.80 
NaBr 	(a0.5770) 1.86 1.80 4.53 
MgC1 2 (aw=0.3300) 1.59 1.49 5.04 
L1C1 	(a=0.1100) 1.54 1.49 5.29 
Cs-si 1 ical ite 
BaC1 2 (a=0.9019) 2.61 2.69 2.82 
KC1 	(a=0.8426) 2.48 2.42 3.56 
NaCl (aw=0.7528) 2.24 2.19 4.23 
NaBr 	(a=0.5770) 1.92 1.84 4.90 
MgC1 2 (aw=0.3300) 1.93 1.85 5.34 
LIC1 	(aw=O.11OO) 1.93 1.87 5.55 
Ba-silicalite 
BaCl2(aw0.9019) 3.74 . 	 4.02 3.43 
KC1 	(aw0.8426) 3.33 3.40 4.17 
NaCl (aw0.7528) 3.12 3.20 4.79 
NaBr 	(aw=0.5770) 2.76 2.72 5.38 
MgC12(aw0.3300) 2.29 2.19 5.74 
LiC1 	(aw0.1100) 2.25 2.10 5.91 
Uptake of water in Na-propanesuiphonate-free 
sample 
(100U0 (gg_t anhydrous zeolite)) 
Uptake of water at point of maximum 
Na-propanesu 1 phonate uptake 
[100U (gg 1 anhydrous zeolite)] 
c Maximum uptake of Na-propanesuiphonate 
[100U 	(gg-1 anhydrous zeolite)] 
d. Values for H-silicalite are given in table 9.3 
Table 10.2 
Water and Na-butanesuiphonate (NaS4) 
Sorption by Silicalitesd 
Sat.Sol. 	 Uw 
Na-si 1 icalite 
BaC12(aw0.9019) 2.10 1.87 3.21 
KC1 	(a=0.8426) 1.83 1.59 4.13 
NaCl 	(a=0.7528) 1.75 1.53 5.00 
NaBr (aw=0.5770) 1.70 1.43 5.89 
MgC12(aW=0.3300) 1.43 1.27 6.49 
LIC1 	(aw=0.1100) 1.29 1.12 6.78 
K-si licalite 
BaC1 2 (aw0.9019) 2.48 2.28 3.42 
KC1 	(aw=0.8426) 2.08 1.69 4.27 
NaCl (a=0.7528) 1.98 1.58 5.02 
NaBr 	(a=0.5770) 1.85 1.53 5.75 
MgC1 2 (a0.3300) 1.59 1.50 6.22 
LIC1 	(aw=O.11OO) 1.54 1.49 6.44 
Cs-sil ical ite 
BaC1 2 (aw0.9019) 2.61 2.39 3.96 
KC1 	(aw=0.8426) 2.47 2.23 4.83 
NaC1 	(aw=0.7528) 2.25 1.95 5.57 
NaBr (aw0.5770) 1.93 1.68 6.26 
MgC1 2 (aw0.3300) 1.93 1.64 6.69 
L1C1 	(a=O.11OO) 1.97 1.63 6.89 
Ba-si 1 ical ite 
BaC1 2 (aw0.9019) 3.73 3.69 4.56 
KC1 	(aw=0.8426) 3.33 3.22 5.30 
NaCl 	(aw0.7528) 3.16 3.01 5.88 
NaBr (aw0.5770) 2.77 2.56 6.38 
MgCl 2 (aw0.3300) 2.31 2.09 6.67 
L1C1 	(a=0.1100) 2.28 2.04 6.81 
Uptake of water in Na-butanesuiphonate-free sample 
[lOOUw' (gg_t anhydrous zeolite)] 
Uptake of water at point of maximum 
Na-butanesuiphonate uptake 
[lOOUw (gg 	anhydrous zeolite)) 
Maximum uptake of Na-butanesulphonate 
[100UNas (gg 1 anhydrous zeolite)] 
Values for H-silicalite are given in table 9.4 
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Table 10.3 
Water and Na-pentanesulphonate (NaS5) 
Sorption by Si1ica1ites 
Sat. Sol . 	 Uw 
Na-si 1 icalite 
BaC1 2 (aw0.9019) 2.12 1.21 3.75 
KC1 	(aw=0.8426) 1.82 1.04 4.62 
NaCl (aw=0.7528) 1.80 0.83 5.37 
NaBr 	(aw0.5770) 1.63 0.70 6.09 
MgC1 2 (aw0.3300) 1.34 0.53 6.54 
LIC1 	(awO.11OO) 1.30 0.43 6.76 
K-si 1 ical ite 
BaC1 2 (aw0.9019) 2.52 1.63 3.84 
KC1 	(a=0.8426) 2.00 1.31 4.68 
NaC1 (a=0.7528) 1.97 1.29 5.38 
NaBr 	(aw=0.5770) 1.90 0.93 6.05 
MgC12(aw0.3300) 1.62 0.86 6.46 
LiC1 	(aw=O.11OO) 1.50 0.80 6.65 
Cs-sil ical ite 
BaC12(aw0.9019) 2.65 1.81 4.39 
KC1 	(aw=0.8426) 2.36 1.40 5.11 
NaCl (aw0.7528) 2.14 1.14 5.67 
NaBr 	(aw=0.5770) 1.78 1.00 6.16 
MgCl 2 (aw0.3300) 1.82 0.86 6.45 
LiC1 	(aw=0.1100) 1.85 0.62 6.58 
Ba-sil ical ite 
BaCl2(aw0.9019) 3.70 3.39 4.97 
KC1 	(aw0.8426) 3.38 3.29 5.57 
NaCl (aw=0.7528) 3.24 3.02 6.01 
NaBr (aw0.5770) 2.82 2.59 6.38 
MgC12(aw0.3300) 2.28 1.99 6.59 
LiC1 	(awO.11OO) 2.03 1.46 6.68 
Uptake of water in Na-pentanesulphonate --free 
sample 
[lOOUwa (ggt anhydrous zeolite)] 
b Uptake of water at point of maximum 
Na-pentanesuiphonate uptake 
[lOOUw (gg 	anhydrous zeolite)] 
c Maximum uptake of Na-pentanesuiphonate 
(1OOUN85 (gg - anhydrous zeolite)) 
Values for H-silicalite are given in table 9.5 
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It is possible to see from the water contents of the 
alkylsulphonate-free systems how similar the 
equilibrations were. For identical water activities, the 
water uptakes are very similar in all cases. From this it 
may be concluded that all differences in sorption 
properties for any one silicalite must be related to 
different interactions within the zeolitic pores; it is 
difficult to think of other techniques which would be as 
sensitive to these interactions. 
10.2 Comparison Of Alkylsuiphonate Uptakes 
For each series of equilibrations it was found that 
equilibrium was attained relatively quickly and the 
end-points were easily concordant to within 0.00010g. On a 
first visual examination of the isopiestic plots (e.g. 
fig. 10.1. 10.2 and 10.3) it was found that they were very 
similar in nature. This is not unexpected as it must be 
remembered that the silicalites only differed by the small 
cation contents associated with broken siloxane bonds 
within the framework. The sorbate uptakes were determined 
from the intersection points and are expressed in terms of 
molecules per unit cell in tables 10.4, 10.5 and 10.6 for 
NaS3, NaS4 and NaS5 respectively (the values for 
H-silicalite are given in chapter 9) . As expected, the 
maximum uptakes were established at the lowest water 
activity employed (over saturated LiCl solution 
(awO.11OO)). For simplicity, all the results for 
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Table 10.4 
Unit cell compositions for Na-propanesuiphonate (NaS3) 
Sorption by Silica1ites 
Sat.Sol. 	 Uw 	 U' 	 UNeLS3 
Na-sil icalite 
BaC1 2 (aw0.9019) 6.76 6.73 0.80 
KC1 	(aw0.8426) 5.97 5.83 1.09 
NaCl (a=0.7528) 5.83 5.50 1.41 
NaBr 	(a=0.5770) 5.57 5.24 1.78 
MgC12(aw0.3300) 4.58 4.41 2.06 
LIC1 	(a=0.1100) 4.18 3.89 2.21 
K-sil ical ite 
BaC1 2 (aw0.9019) 8.07 8.07 0.96 
KC1 	(a=0.8426) 6.76 6.50 1.27 
NaCl (a=0.7528) 6.26 6.13 1.56 
NaBr 	(aw 0.5770) 6.06 5.87 1.87 
MgC1 2 (aw0.3300) 5.17 4.84 2.09 
LiCl 	(a=O.11OO) 5.01 4.84 2.20 
CS-sil icalite 
BaC1 2 (aw0.9019) 8.58 8.85 1.14 
KC1 	(a=0.8426) 8.14 7.94 1.46 
NaCl (a=0.7528) 7.33 7.16 1.74 
NaBr 	(aw0.5770) 6.26 6.00 2.03 
MgCl 2 (aw0.3300) 6.30 6.03 2.23 
LIC1 	(aw=0.1100) 6.30 6.10 2.32 
Ba-silical ite 
BaC1 2 (aw0.9019) 12.43 13.40 1.40 
KC1 	(aw0.8426) 11.02 11.26 1.72 
NaCl (ã0.7528) 10.31 10.58 1.98 
NaBr 	(aw 0.5770) 9.08 8.95 2.24 
MgC1 2 (aw0.3300) 7.50 7.16 2.40 
LiC1 	(aO.11OO) 7.37 6.86 2.48 
Water molecules per unit cell in 
Na-propanesuiphoriate-free sample 
b Water molecules per unit cell at point of maximum 
Na-propanesulphonate uptake 
Maximum uptake of Na-propanesulphonate, molecules 
per unit cell 
Values for H-silicalite are given in table 9.6 
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Table 10.5 
Unit cell compositions for Na-butanesuiphonate (NaS4) 
Sorption by Silicalites 
Sat.Sol. 	 Uw 
Na-si 1 ical Ite 
BaC1 2 (aw0.9019) 6.86 6.10 1.19 
KC1 	(aw=0.8426) 5.97 5.50 1.55 
NaCl (a0.7528) 5.70 4.97 1.89 
NaBr 	(aw=0.5770) 5.53 464 2.25 
MgC1 2 (aw0.3300) 4.64 4.12 2.50 
LIC1 	(aw=0.1100) 4.18 3.62 2.62 
K-silicalite 
BaC1 2 (aw0.9019) 8.14 7.47 1.27 
KC1 	(a=0.8426) 6.80 5.50 1.61 
NaCl (aw=0.7528) 6.46 5.14 1.90 
NaBr (aw=0.5770) 6.03 4.97 2.20 
MgCl2(aw0.3300) 5.17 4.87 2.39 
LIC1 	(awO.11OO) 5.01 4.84 2.48 
Cs-si 1 ical ite 
BaC1 2 (aw0.9019) 8.58 7.84 1.48 
KC1 	(aw=0.8426) 8.10 7.30 1.83 
NaC1 (aw=0.7528) 7.37 6.36 2.12 
NaBr 	(a=0.577O) 6.30 5.47 2.40 
MgC12(aw0.3300) 6.30 5.34 2.58 
L1C1 	(aw=0.1100) 6.43 5.30 2.66 
Ba-si 1 ical ite 
BaC1 2 (aw0.9019) 12.40 12.26 1.72 
KC1 	(aw=0.8426) 11.02 10.65 2.01 
NaCl (aw=0.7528) 10.44 9.93 2.25 
NaBr (aw0.5770) 9.12 8.41 2.45 
MgCl2(aw0.3300) 7.57 6.83 2.57 
LiCl 	(a=0.1100) 7.47 6.66 2.63 
Water molecules per unit cell in 
Na-butanesuiphonate-free sample 
10 Water molecules per unit cell at point of maximum 
Na-butanesuiphonate uptake 
Maximum uptake of Na-butariesuiphonate, molecules 
per unit cell 
Values for H-silicalite are given in table 9.7 
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Table 10.6 
Unit cell compositions for Na-pentanesuiphonate (NaS5) 
Sorption by Silicalites 
sat-Sol- 	 UW 	 Uw ID 	 UN,Le 
Na-silical ite 
BaC12(aw0.901 9 ) 6.93 392 1.29 
KC1 	(aw0.8426) 5.93 3.36 1.60 
NaCl (aw=0.7528) 5.87 2.68 1.88 
NaBr 	(aw=0.5770) 5.30 2.26 2.15 
MgC1 2 (aw0.3300) 4.35 1.71 2.32 
L1C1 	(aw=0.1100) 4.21 1.38 2.40 
K-sil ical ite 
BaCl 2 (aw0.9019) 8.27 5.30 1.32 
KC1 	(a0.8426) 6.53 4.25 1.63 
NaCl (aw=0.7528) 6.43 4.18 1.88 
NaBr 	(aw0.5770) 6.20 3.00 2.13 
MgC1 2 (aw0.3300) 5.27 2.78 2.29 
LIC1 	(awO.11OO) 4.87 2.58 2.36 
Cs-sil icalite 
BaC1 2 (aw 0.9019) 8.71 5.90 1.52 
KC1 	(aw=0.8426) 7.73 4.54 1.78 
NaCl (aw=0.7528) 7.00 3.69 1.99 
NaBr 	(aw 0.5770) 5.80 3.23 2.17 
MgC1 2 (aw0.3300) 5.93 2.78 2.28 
LiC1 	(a=0.1100) 6.03 2.00 2.33 
Ba-si lical ite 
BaC12(aw0.9019) 12.29 11.23 1.73 
KC1 	(aw0.8426) 11.19 10.89 1.95 
NaCl (aw0.7528) 10.72 9.96 2.12 
NaBr 	(aw 0.5770) 9.29 8.51 2.26 
MgCl2(aw0.3300) 7.47 6.50 2.34 
LIC1 	(awO.11OO) 6.63 4.74 2.37 
Water molecules per unit cell in 
Na-pentanesuiphonate-free sample 
Water molecules per unit cell at point of maximum 
Na-pentanesuiptionate uptake 
Maximum uptake of Na-pentanesu1phonate molecules 
per unit cell 
d Values for H-silicalite are given in table 9.8 
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equilibration over saturated LIC1 solution (a=0.1100) are 
listed in table 10.7 
It can be seen that there are only very small 
differences in uptakes, and for any one alkylsuiphonate 
there is little to distinguish between the silicalites. 
Considering the water contents of the sorbate—free 
systems at equilibrium, it is possible to determine the 
relative hydrophilicities of the silicalites although 
given the extremely low values it must be remembered that 
all these materials are, in essence, hydrophobic. In terms 
of decreasing hydrophilicity the silicalite order would 
be: 
Ba 2 ' > Cs > K > Na > H 
and this is true for all three sodiumalkylsulphonates. 
For the sorption of NaS3, the uptake appears to follow the 
same trend as for the water contents. Similar behaviour 
was observed for the sorption of Na33 into zeolites 
(chapter 9); a more charged environment promotes a greater 
uptake of water and alkylsulphonate. For the other 
alkylsuiphonates, the order, in terms of alkylsulphonate 
uptake, varies and suggests that for longer chains there 
are other considerations, though the values are so similar 
that the order may depend upon experimental errors. 
The major difference, which is obvious from these 
results is in the water content at equilibrium. In 
general, as the alkyl chain becomes longer less water is 
held in the pores. At first glance this might be 
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Table 10.7 
Sorption by Silicalites in molecules per unit cell. 
Maximum Uptake of Suiphonatea 
Zeolite NaS3 Na54 NaS5 
H-silicalite 2.18 3.86 1.83 
Na-silicalite 2.21 2.62 2.40 
K-silicalite 2.20 2.48 2.36 
Cs-silicalite 2.32 2.66 2.33 
Ba-silicalite 2.48 2.63 2.37 
Water Uptake in the Presence of Suiphonate 
H-silicalite 2.83 1.42 0.76 
Na-silicalite 3.89 3.62 1.38 
K-silicalite 4.84 4.84 2.58 
Cs-silicalite 6.10 5.30 2.00 
Ba-silicalite 6.86 6.66 4.74 
Water Uptake in the Absence of Suiphonate 
H-silicalite 3.73 3.72 3.66 
Na-silicalite 4.18 4.18 4.22 
K-silicalite 5.01 5.01 4.87 
Cs-silicalite 6.30 6.43 6.03 
Ba-silicalite 7.37 7.47 6.63 
Over saturated LIC1 solution (a=0.1100) 
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attributed to a free-space effect where a larger sorbate 
molecule displaces more water. However, in all the systems 
the pores are certainly not filled as the maximum 
suiphonate uptakes fall far below the theoretical maxima 
(chapter 9) . It must be concluded that the entering 
suiphonate makes the void space more hydrophobic, i.e. 
less able to sorb water. This is not unexpected as the 
longer alkyl chain materials are in themselves more 
hydrophobic. Thus, in these systems it is the alkyl chain 
which determines the ability of the pores to sorb water, 
and perhaps other small polar molecules. This is further 
illustrated by the change in water content per sorbed 
alkylsulphonate (table 10.8) . With Na53, each entering 
alkylsulphonate molecule changes the water content very 
slightly (except for H-silicalite) . For this sorbate an 
increase in hydrophilicity due to the sodium ion and the 
suiphonate groups apparently compensates for the increase 
in hydrophobicity caused by having an alkyl chain within 
the pores. For Na65, the effect of the hydrophobic organic 
chain appears to be more dominant; each entering NaS5 
displaces much more water than an entering Na33.The 
values for NaS4 are intermediate between Na53 and NaS5, as 
expected for a systematic change in sorbate 
hydrophobicity. 
It was thought that the larger the number of charge 
centres (i.e. the occluded metal cations and associated 
broken siloxane bonds) within the pores then the more 
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Table 10.8 
Change in the Number of Water Molecules Per Sulphonate.b 
Sodluinalkylsuiphonate 
Zeolite 	 NaS3 	 NaS4 	 Na55 
H-siliralite 	 -1.03 	 -0.63 	 -2.01 
Na-silicali.te -0.08 -0.21 -1.14 
K-silicalite -0.16 -0.13 -1.09 
Cs-silicalite -0.12 -0.37 -1.38 
Ba-silicalite -0.21 -0.29 -0.42 
aL  (U 	- 
ID Values refer to equilibration over saturated MgC1 2 solution 
(aw=0.3300) 
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resilient the occluded water would be to displacement. 
This would order the silicalites thus: 
Ba 24- > Cs > K 4- > Na 
This does not appear to be borne out. One possible 
explanation could be that the suiphonate groups displace 
water molecules from the region of the broken siloxane 
bond, possibly by interaction with the silicalite cations. 
It is, unfortunately. not possible to pursue this argument 
very far as the exact locations of the sulphonates and 
cations within the pores are not known. It does, however, 
suggest why the uptakes are very low, since, if the 
suiphonate group is preferentially sorbed at ionic centres 
within the lattice, the imbibition will be limited by the 
small number of suitable sites. It should be remembered 
that ion exchange between the sodium ions of the sorbate 
and the silicalite cations may-occur; this will tend to 
reduce any distinction between the silicalites. It seems, 
therefore, that there is little variance in the uptakes of 
NaSx because the number of charge centres in the framework 
remains constant; as there is sufficient space within the 
pores then similar numbers of the different suiphonates 
are sorbed. It can then be concluded that the longer alkyl 
chain makes a larger hydrophobic region within the pores, 
which causes more water molecules to be expelled. 
In terms of the amount of all the sulphonates sorbed 
the materials are all very similar. It may be concluded 
that the interactions involved and the number of sites 
461 
must be similar. The change in water content leads to a 
dramatic change in the internal molalities and a 
consequent change in the selectivity factors (table 10.9). 
As expected for the series of silicalites, the internal 
molality decreases as the water content and hence the 
hydrophilicity increase. For the sorbates, the molecules 
with the longer alkyl chain displace more water and hence 
have the higher internal molalities. 
In terms of the selectivity factor, all the materials 
selectively sorb the sulphonates in preference to water. 
As the alkyl chain becomes longer the selectivity factors 
all increase due to the sorbates having more organic 
character and interacting more strongly with the 
framework. Despite the maximum uptakes all being in close 
agreement there are differences between the silicalites. 
10.3 Measurement of Sorbate—Framework Interactions 
There are expected to be two main types of 
framework—sorbate interactions: 
Interaction between the alkyl chain and the 
organophilic silica framework. 
Interaction between the sulphonate charge 
centres and the charge centres within the 
framework. 
These reinforce each other as they both lead to 
stabilisation of the sorbate within the pores. The 
interaction between the ionic components of the sorbate 
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Table 10.9 
Internal Molality and Selectivity Factors for the 
Imbibition of Sodiumalkylsulphonates in Silicalites, 
Over saturated BaC1 2 solution 	(aw=0.9019) 
Internal Molality of Sulphonate 
Zeolite NaS3 NaS4 NaS5 
H-silicalite 7.07 15.69 44.64 
Na-silicalite 6.58 10.73 17.81 
K-silicalite 6.63 9.38 13.54 
Cs-silicalite 7.18 10.36 13.94 
Ba-silicalite 5.84 7.72 8.43 
Selectivity Factor, S.F.-m1/m 
H-silicalite 2.72 5.41 9.30 
Na-silicalite 2.55 3.70 3.71 
K-silicalite 2.55 3.23 2.82 
Cs-silicalite 2.76 3.57 2.90 
Ba-silicalite 2.24 2.66 1.76 
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and the lattice charge centres should remain constant, 
irrespective of the alkyl chain length. Thus, provided the 
pores are not filled and that there is little difference 
in the number of suiphonates per unit cell, differences 
between the three suiphonates can then be attributed to 
differences in chain length. 
In chapter 9 it was noted that for many water 
activities the sulphonates did not form an external 
solution phase and hence it was not possible to establish 
a correlation between sorbate uptake and external 
molality. Naturally this also applies to the silicalite 
systems; for lower water activities the silicalites were 
in contact with a solid phase rather than a liquid phase 
and external molality had limited meaning. Thus, it was 
not possible to fit the results to a Langmuir equation. A 
more useful measure of the sorbate-framework interactions 
can be obtained by considering the uptake of sorbate as a 
function of water activity. This has the added advantage 
that the change in water content does not need to be 
considered. 
As before, the equation: 
P = [U9,.c/(U.ix - UoL.)l [a/(1-a)] 
where UmAx is the maximum uptake of suiphonate (U<) at 
water activity (a)O and P is a constant, was found to 
provide an extremely good fit for the experimental data 
for all systems other than the sorption of 
sodiumpentanesuiphonate in H-silicalite. 
'.4 
The best-fit values of the constant P are listed in table 
10.10 along with the calculated values of UMAx. 
The interaction between a pure silica framework and 
the alkyl chain of a particular suiphonate should he 
constant for all silicalite samples. The differences in 
the values of P for any alkylsuiphonate can therefore be 
attributed to the interaction between the lattice charge 
centres and the ionic components of the sulphonate. For 
example Ba-silicalite which contained the highest number 
of charge centres also shows the highest value of P. In 
this case there is the strongest interaction between the 
framework and sorbate species and the maximum uptake is 
reached most quickly. The differences between the 
different silicalites (which is basically due to a 
difference in the number of charge centres) can be further 
illustrated by plotting the curves which fit the results 
for the imbibition of NaS3 (fig.10.4). For clarity, only a 
small portion of the X-axis is shown and the experimental 
points have been omitted. The differences between the 
materials are then quite obvious. 
To further increase the interaction and hence have 
higher uptakes for the higher water activities, it would 
be necessary to increase the cation concentrations of the 
silicalites. If it was possible to synthesise a completely 
defect/cation-free silicalite then it would be possible to 
measure the increase in P value per unit cell charge. 
Assuming that each sorbed sodiumpropanesuiphonate molecule 
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Table 10.10 
Best-fit Values of P and UMAX. for Na-alkylsuiphonate 
(NaSx) Sorption by Silicalites. Values are Derived From 
the Equation: 
P = IUN8X/(UMAX - UN)] [a/(1 - aw)] 
100U 	(gg) 
Zeolite NaS3 NaS4 NaS5 
H-silicalite 5.260.06 6.350.20 _aL  
Na-silicalite 5.420.05 6.870.04 6.820.03 
K-silicalite 5.360.04 6.510.03 6.710.03 
Cs-silicalite 5.610.03 6.950.03 6.620.02 
Ba-silicalite 5.960.02 6.840.02 6.700.01 
Value of the constant,? 
Zeolite NaS3 NaS4 NaS5 
H-silicalite 8.40.2 7.20.3 _aL  
Na-silicalate 5.30.2 8.00.2 1120.3 
K-silicalite 7.30.2 10.20.3 12.30.3 
Cs-silicalite 9.30.3 12.10.3 18.10.4 
Ba-silicalite 12.40.3 18.20.4 26.00.5 
could not be determined 
MIR  
Figure 10.4 
Sodiumpropanesuiphonate uptake (NaS3) in siuica]ites as a 
function of water activity. Curves are derived from the 
equation: 













contributes two charge centres as does each inorganic 
cation (except Ba 24 which contributes four) then the 




Cs-si 1 icauite 	1.68 
Ba-silicalite 	1.59 
but it is then difficult to rationalise these values. 
For any one silicalite sample, the value of the 
constant P increases with an increase in chain length. The 
differences between the suiphonate uptakes are illustrated 
for K-silicalite in figure 10.5. These results would 
suggest that the longer chain species would be sorbed 
preferentially from a mixture of sulphonates. As there is 
a uniform change in chain length, it might be expected 
that there should be a uniform change in the value of P. 





It would appear that within experimental error, the 
increment in P for the singly charged species are in close 
agreement and approximately half the value for the doubly 
charged species. ecies. Thuswould seem that it is impossible to 
separate the two possible interactions, framework-sorbate 
4.: 
Figure 10.5 
Sodiumalkylsuiphonate (NaSx) uptake in K-silicalite as a 
function of water activity. Curves are derived from the 
equation: 















and cation-sorbate. The results for the H-silicalite do 
not fit this pattern, which is not surprising as it has, 
in effect, no cation content and hence might be expected 
to differ from the other silicalites. A more serious cause 
for concern is the fact that differences between the P 
values for Na54 and NaS5 vary in a non-systematic manner. 
Whether this implies that the observed relationship 
between the two sulphonates with the shortest alkyl chains 
is purely chance or actually has some basis is thus open 
to question. 
10.4 Conclusions 
This work has shown that the sorption properties of 
the different silicalites are very similar. They show very 
low uptakes of water as expected but, whereas they sorb 
very large quantities of glycerol, they never sorb 
sufficient alkylsuiphonate salts to completely fill the 
pores even at the lowest water activity. This is most 
probably due to the charged nature of the sorbates. As the 
uptakes are small, the interpretation of the results is 
more difficult and it is hard to assess whether small 
changes are due to experimental error or to real 
differences. 
In terms of selectivity these silicalite samples 
preferentially sorb the alkylsuiphonates, the selectivity 
factors being higher than those found for the aluminous 
ZSM-5 materials. The value of the constant P which has 
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been used to measure zeolite-sorbate interactions is, 
however, not much different to that found with the ZSM-5 
samples and given the higher uptakes for the aluminous 
materials, it may be concluded that aluminous forms would 
be much better suited to any application involving the 
sorption of alkylsuiphonates. 
It is perhaps surprising that the silicalites do not 
sorb the sodiumalkylsuiphonates as well as the aluminous 
ZSM-5 materials. This is no doubt related to the fact that 
the alkylsuiphonates are ionic salts. For uncharged 
organic species the reverse should be found, the 
silicalites being the better sorbents. 
The results described in this chapter and those in 
previous chapters leave no doubt that the isopiestic 
technique provides an excellent method for studying 
sorption from aqueous solution. It makes it possible to 
examine such systems cheaply and accurately. 
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CHAPTER ELEVEN 
THERMAL ANALYSIS OF SODIUMALKYLSULPHONATES 
11.1 Introduction 
Although the main use of the isopiestic technique is 
to determine uptakes of sorbates and equilibrium 
conditions, isopiestic equilibrations provide a ready 
source of samples with different amounts of sorbates 
imbibed. It was mentioned in chapter 6 that thermal 
analysis results were collected for glycerol in ZSM-5 and 
that these results could be used to justify the isopiestic 
technique. There were however problems in interpreting the 
profiles, particularly in the overlap of water and 
glycerol. In the isopiestic studies of the 
alkylsulphonates it was found that there were often only 
small amounts of water present and over saturated LIC1 
solution (a0.1100) the zeolite crystals were in contact 
with a solid phase of the suiphonate. It was thought that 
the thermal analysis of these samples could thus prove 
instructive. 
To interpret the profiles for the sulphonates in the 
zeolitic pores it was necessary to obtain the thermal 
analysis profiles of pure sulphonates. The results for the 
thermal analysis (TG) and the differential thermal 
analysis (DTA) are presented in figure 11.1. 
One obvious application of the TG results is in 
determining the purity of the alkylsulphonates. These were 
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thermal analysis that they were indeed pure monohydrates. 
The loss of the water can be seen from the three TGs, 
complete loss of this water occurring before 100C. At 
higher temperatures there is a dramatic weight loss which 
must be due to degradation of the organic species. Even 
after heating to 900C there is still residual weight. In 
the three sulphonates the residual weight corresponds to 
approximately 73.51 atomic mass units for each different 
suiphonate. It seems likely that the same residue will be 
formed in all three cases. The difference in weight loss 
between the samples approximates to 14 atomic mass units, 
the molecular weight of the CH 2 group which distinguishes 
the suiphonates. It is difficult to determine the nature 
of the residue without further information but is seems 
likely that it will at least contain the sodium, perhaps 
in some form of sulphur compound. One possibility is that 
Na 2SO (mol. Wt. 142.04) which corresponds to 71.02 atomic 
mass units per sodium atom, could be formed, but this 
would imply the loss of half the sulphur in the oxidative 
degradation. Retention of all the sodium and all the 
sulphur could lead to compounds like NaSH 20 (mol. wt. 
73.5). Without further data from another source the 
formation of these compounds can only be speculated on. 
It is obvious from an examination of the DTA traces 
that the decomposition processes depend markedly on the 
sulphonate. The suiphonate with the shortest alkyl chain, 
NaS3 is the most stable of the three and survives until 
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around 290C when there appears to be a single degradation 
step which leads to a very rapid weight loss. 
The sodiumbutanesuiphonate. NaS4, shows the most 
complex DTA and the TG trace shows more character than 
that of the NaS3 sample. In terms of atomic mass units 
there appears to be three different weight loss processes 
in the drgradation step. These correspond to 23, 43 and 21 
atomic mass units respectively (low temperature first). 
Without further information it is impossible to determine 
the nature of these species. 
The sodiumpentanesuiphonate, Na55, also has a complex 
DTA, though less complicated than that of the NaS4 sample. 
It also shows three weight loss processes though these are 
less well defined than for the NaS4. They correspond to 
approximately 25, 57 and 19 atomic mass units 
respectively. Comparing the results for NaS4 and NaS5 it 
would seem that the second weight loss (which differs 
between the two samples by 14 units) represents the loss 
of the alkyl chain except for the carbon joined to the 
sulphur (i.e. CHCH2CH— for Na34 and CH 3CH2CH2CH2— for 
Na95. The other weight losses would then be almost 
consistent and are probably due to some form of 
degradation of the sulphate head of the molecule. 
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11.2 Thermal Analysis of Alkylsuiphonates in Zeolites 
At the end of the isopiestic equilibrations, each 
desiccator provided eleven samples of zeolites loaded with 
alkylsuiphonates ranging from 0-369 suiphonate by weight. 
This range covers points for which all the added 
suiphonate is intracrystalline and others where there is 
also an external phase present. As the samples were 
finally equilibrated over saturated LiC1 solution 
(aw0.1100) this external phase will always be the solid 
suiphonate. To make the results comprable the same weight 
of loaded zeolite (circa 15 mg) was used and the thermal 
analysis procedure was kept as constant as possible. These 
analyses produced a plethora of data, to make this more 
easily understood all of the DTA and TG traces for a 
particular suiphonate in one zeolite were plotted on the 
same graph, the traces being displaced on the Y-axis by 
fixed amounts: The traces are all drawn to the same scale, 
that shown in figure 11.1. 
The results for the thermal analysis of the three 
sulphonate studied in ZSM-5 (Si/Al=60) and H-silicalite 
are shown in figures 11.2 and 11.3 respectively. 
For each set of data the bottom line represents the 
sample which had no added suiphonate. Each line above this 
corresponds to an increment of approximately 4% by weight 
over the previous line. 
There are marked differences bewteen figures 11.1 and 
11.2. With NaS3, the highest loading of the suiphonate in 
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Figure 11. 2 
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the zeolite shows a different DTA profile to that 
expected. There is also more character in the TG trace and 
it is possible to see the three weight loss processes, 
previously seen for pure NaS4 and NaS5 but not for NaS3 in 
figure 11.1. For lower NaS3 loadings, figure 11.2 shows 
that the DTA traces more closely resemble the trace for 
the pure NaS3 (fig. 11.1), the main difference being an 
increase in temperature for the position of the DTA peak 
and the TG curve. This must be due to stabilisation of the 
sulphonate by the zeolite and represents an approximate 
increase of 800C, though it is hard to assign exact values 
due to the broad nature of the DTA peak in figure 11.2. 
The DTA peak is likely to be much bro.der as there will be 
two types of propanesuiphonate, that occluded in the pores 
and that on the surface of the crystals. It is worth 
noting at this stage that these two forms cannot be 
distinguished in the thermal analysis, and it appears that 
all the suiphonates are stabilised by contact with the 
zeolite whether intracrystalline or not. While this seems 
very surprising it should be noted that it is possible 
that the Na33 on the surface of the zeolite is different 
to the pure NaS3, particularly as equilibration over 
saturated LiC1 solution (aw=0.1100) will have changed the 
nature of the hydration shell of the sulphonate. it is 
conceivable that the monohydrated forms and the 
non-hydrated forms have different thermal stabilities. 
There is also the curious observation that as the loading 
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increases then the DTA peak moves to higher temperatures. 
This must represent the situation discussed in chapter 9 
where imbibed suiphonate makes the zeolite more 
hydrophilic and thus further stabilises charged species. 
The results for the Na54 system (fig. 11.2) are more 
markedly different from those of the pure suiphonate in 
figure 11.1. The DTA traces are much less complex though 
the TG profiles still show the three distinct weight loss 
processes for the highest suiphonate loadings. For low 
loadings of suiphonate in the zeolite there is a single 
broad peak. These loadings represent the situation where 
all the suiphonate is intracrystalline. The suiphonate is 
thus stabilised and does not degrade until higher 
temperature. In particular it would appear that the lowest 
temperature DTA peak for the pure sulphoriate is absent 
when the suiphonate is all intracrystalline. As the 
suiphonate loading increases the DTA peak again moves to 
higher temperature and also becomes more resolved. By this 
stage there is also sulphonate external to the pores, 
which is not as stabilised. The low temperature DTA peaks 
for both the pure suiphonate and the external suiphonate 
now appear to occur at the same temperatures exactly as 
might be expected. 
It seems likely that the three peaks on the DTA traces for 
the zeolite loaded with suiphonate can be assigned as 
follows: 
The two lowest temperature peaks are associated 
with suiphonate external to the pores, the high 
temperature peak being that within the zeolite. 
The effect will of course be masked on the TG 
traces although the weight losses for the 
processes can be calculated as 15. 27 and 45 
atomic mass units (compared to 25, 57 and 19 for 
the pure suiphonate). The reduction in mass for 
the first two processes and an increase for the 
third could be accounted for by two different 
types of suiphonate, one being lost at lower 
temperature. 
The results for NaS5 also follow this trend, though 
the TG traces are not sufficiently resolved to see the 
three distinct weight losses associated with the organic 
species, it is not possible to ascertain whether this 
implies that different reactions are taking place. The TG 
traces in fact show only two weight loss processes for the 
highest loadings as do the DTAs. For intermediate 
sulphonate loadings the three DTA peaks are again visible, 
it is entirely possible that if the degradation processes 
occur at very similar temperatures then they cannot be 
differentiated, this could be the situation for the 
highest loadings. 
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Figure 11.3 shows the corresponding results for the 
alkylsuiphonates in H-silicalite. The Na33 is again 
stabilised by contact with the zeolite but it is now 
possible to discern two DTA peaks. This probably 
represents the two different forms of the suiphonate, the 
intracrystalline being most stabilised and having the 
highest temperature DTA peak. Even at the highest loadings 
it is not possible to see the three expected organic 
weight losses. As the alkyl chain will be more stabilised 
by contact with the organophilic silicalite it is expected 
that a different degradation route may be possible. This 
is further evidenced by the increase in temperature of the 
DTA peaks (over those for the corresponding Si/Al=60 
results) . The two DTA peaks for the silicalite sample 
correspond to 384 and 435°C respectively while the three 
peaks for the Si/Al=60 sample are at 253, 327 and 389°C. 
Contact with silicalite crystals thus stabilises the 
propanesulphonate both when it is in the pores and on the 
surface of the crystals. 
The results for the butanesuiphonate and 
pentanesuiphonate in silicalite are in close agreement 
with the previous results for the Si/Al=60 system. The 
only real difference is in the peak temperatures which 
show the same pattern as before, the sulphonates are more 
stabilised by contact with the silicalite crystals. With 
the silicalite results it is difficult to determine the 
three weight losses from the TG traces, but the shape of 
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the DTAs suggests that there are indeed three processes, 
the two high temperature processes being difficult to 
distinguish. 
11.3 Effect of Aluminium on the Thermal Analysis 
Having discussed the differences between the 
silicalite and the ZSM-5 (Si/Al=60) samples it is worth 
seeing how the DTA and TG profiles change with aluminium 
content of the sample. Figure 11.4 shows the DTAs for the 
series of ZSM-5 samples used in the isopiestic work. 
Even from a quick examination it is obvious that 
there must be more factors than simply aluminium content 
which affect the profiles. Within each set, the results 
appear consistent, for example in the Si/Al=90 system 
there is always a small "doublet for high 
pentanesulphonate loadings. However, there is no 
systematic trend with aluminium content. 
Despite the thermally analysed samples being 
approximately the same mass and having the same loading of 
sulphonate there are marked differences in the sizes of 
the exotherms. While the peaks also occur at different 
temperatures there is little difference between them and 
no obvious correlation in peak temperature with aluminum 
content. 
For low suiphonate loadings there are similarities in 
features (fig. 11.4). In particular, they all show single 
exotherms. In these cases all of the sulphonates will be 
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intracrystalline. The DTAs also show that there is no 
evidence of organic material in the original 
suiphonate-free systems. This is quite important as it 
demonstrates that the suiphonates have met the requirement 
to be involatile throughout the isopiestic equilibrations. 
It would appear that the major process is that at 
higher temperature; this is also shown by the TG profiles 
in figure 11.5. It is obvious that the major weight loss, 
which can be assumed to be the loss of the organic chain, 
occurs at the high temperature end of the degradation. The 
nature of the first weight loss is not known and could 
only be determined with results from other sources, for 
example nuclear magnetic resonance spectroscopy. Again 
there is no obvious trend in the results with aluminium 
content though it can be seen that the DTA and TG profiles 
are different between ZSM-5 samples. It seems that there 
may be many other considerations which are important, for 
example in the' pretreatment of the zeolite before 
equilibration. Differences in pH of the sample may play a 
role in determining the exact route of the oxidative 
degradation. At this stage, with this data alone it is not 
possible to make definitive statements about the exact 
mechanisms involved, though it is quite possible that 
these will be different depending on whether the 
suiphonate is within the zeolitic pores, on the zeolitic 
surface, or entirely on its own. 
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Figure 11.5 
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4:. 
11.4 Effect of Occluded Cations 
It was possible to study the effect of different 
cations on the thermal analysis profiles by using the 
results from the series of silicalite samples used in the 
isopiestic work. Figure 11.6 shows the DTA results for the 
inclusion of sodiumpentanesuiphonate. 
It may be seen that all of the systems are similar 
but there are differences between results for different 
silicalites. The major difference is in the position of 
the lower temperature exotherm for the Ba-silicalite 
compared to the other silicalites. With the Ba-silicalite 
the exotherm occurs at higher temperature (256C as 
compared to 240'C for K-silicalite). This must be due to 
the increased stabilisation of the suiphonate by the 
doubly charged barium. It should be remembered that in 
these systems most of the suiphonate will be on the 
external crystal surface as only small amounts were 
imbibed. It must be that the higher charge carried by the 
barium sample binds the sulphonate end of the organic more 
strongly to the crystal surface. The higher temperature 
exotherms are however remarkable similar (394cC for 
Ba-silicalite and 393aC for K-silicalite) 
Both the general similarities and specific 
differences between the various samples may be illustrated 
by the TG profiles shown in figure 11.7. 
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Figure 31.6 
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11.5 Conclusions 
While thermal analysis can be used to study the 
contents of zeolitic pores the interpretation is not easy. 
In these examples there are a number of processes occuring 
simultaneously and it is impossible to differentiate 
between them from thermal analysis alone. The isopiestic 
equilibrations do however provide a source of samples with 
different loadings of materials, which have been prepared 
in a similar manner. The coricordancy of results for each 
loading within a particular zeolite illustrates just how 
similar the preparations are. It seems likely that with 
some extra information, perhaps from NNP studies, these 
thermal analysis results could prove mask useful. 
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Appendix A 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of glycerol 
in ZSM-5 and H-silicalite. 
Parameters are for the straight line equation: 
Y - mx + C 
Solid Phase Liquid Phase 
m C m c 
(gg-1 ) (gg - t) 
ZSM-5 (Si/Al- 30) 
BaC12 (a0.9019) -0.128 0.060 2.080 -0.168 
KC1 (aw=0.8426) 0.158 0.057 1.267 -0.106 
NaCl (aw0.7528) -0.095 0.051 0.777 -0.066 
NaBr (aw 0.5770) -0.160 0.048 0.366 0.025 
MgCl2 (aw=0.3300) -0.095 0.031 0.134 -0.003 
L1C1 (aw=0.1100) -0.128 0.024 
-aL 
 
ZSM-5 (Si/Al's 45) 
BaC12 -0.205 0.066 2.050 -0.207 
KC1 -0.206 0.061 1.262 -0.143 
NaCl -0.190 0.051 0.761 -0.091 
NaBr -0.209 0.048 0.391 -0.053 
MgC12 -0.137 0.033 0.147 -0.021 
LiCl -0.066 0.016 - 
- Could not be determined 
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Appendix A (continued) 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of glycerol 
in ZSM-5 and H-silicalite. 
Parameters are for the straight line equation: 
y - mx + C 
Solid Phase 	 Liquid Phase 
m 	 c 	 m 	c 
( gg_t) (gg 1 ) 
ZSM-5 (Si/Al- 90) 
BaC12 -0.083 0.038 2.086 -0.231 
KC1 -0.059 0.035 1.272 -0.155 
NaCl -0.105 0.032 0.772 -0.104 
NaBr -0.092 0.027 0.382 -0.057 
MgC12 -0.082 0.016 0.154 -0.027 




BaClz -0.039 0.041 2.053 -0.220 
KC1 -0.074 0.041 1.236 -0.142 
NaCl -0.102 0.037 0.730 -0.088 
NaBr -0.111 0.033 0.341 -0.048 
MgC12 -0.084 0.022 0.137 -0.018 
LiC1 -0.056 0.014 - - 
H-silicauite 
BaC12 +0.002 0.040 2.092 -0.227 
KC1 -0.049 0.036 1.267 -0.147 
NaCl -0.046 0.034 0.775 -0.097 
NaBr -0.057 0.033 0.383 -0.042 
MgC12 -0.055 0.026 0.151 
-ft 
-0.009 
LiC1 -0.019 0.018 
-01 
 
- Could not be determined 
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Appendix B 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of glycerol 
in silicalites. 
Parameters are for the straight line equation: 
y - nix + c 
Solid Phase 	 Liquid Phase 
m 	 c 	 m 	 c 
(gg- t) 	 (gg- t) 
Na-si licalite 
BaC12 (a=0.9019) +0.122 0.021 2.067 -0.244 
KC1 (aw=0.8426) +0.088 0.017 1.267 -0.166 
NaCl (aw=0.7528) +0.054 0.018 0.738 -0.094 
NaBr (aw0.5770) -0.011 0.017 0.339 -0.042 
MgC12 (aw=0.3300) -0.039 0.014 0.126 -0.023 
K-si 1 ical ite 
BaC1 2 +0.133 0.025 2.054 -0.232 
KC1 +0.112 0.021 1.238 -0.150 
NaCl +0.058 0.019 0.761 -0.097 
NaBr +0.010 0.019 0.380 -0.052 
MgC1 2 -0.046 0.015 0.162 -0.028 
Cs-silicalite 
BaC12 +0.084 0.026 2.089 -0.237 
KC1 +0.062 0.248 1.268 -0.158 
NaCl +0.007 0.022 0.794 -0.106 
NaBr -0.011 0.019 0.389 -0.055 
MgCl 2 -0.062 0.017 0.160 -0.029 
Ba-si 1 icalite 
BaC12 +0.325 0.037 1.920 -0.118 
KC1 +0.467 0.034 1.138 -0.080 
NaCl +0.006 0.031 0.767 -0.062 
NaBr -0.039 0.027 0.383 -0.029 
MgC12 -0.068 0.023 0.183 -0.023 
1-1-silicalite values are listed in Appendix A 
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Appendix C 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of glycerol 
in A1PO4-11 and SAPO-11. 
Parameters are for the straight line equation: 
y w nix + c 
Solid Phase 	 Liquid Phase 
M C m c 
(ggi.) (gg-t) 
AlPO-11 
BaC12 (aw=0.9019) 0.369 0.183 2.272 0.138 
KC1 (aw0.8426) 0.176 0.179 1.358 0.150 
NaCl (aw=0.7528) 0.128 0.162 0.754 0.138 
NaBr (a - 0.5770) 0.025 0.132 0.367 0.106 
MgC1 2 (aw'0.3300) 0.070 0.090 0.162 0.081 
LiC1 (aw=0.1100) -0.115 0.046 0.042 0.024 
SAPO-11 (Si/Al=0.054) 
BaC1 2 0.021 0.189 2.086 0.160 
KC1 0.047 0.173 1.280 0.147 
NaCl 0.122 0.161 0.706 0.138 
NaBr 0.023 0.108 0.369 0.085 
MgClz 0.033 0.069 0.144 0.053 
LIC1 -0.106 0.043 0.030 0.027 
SAPO-11 (Si/Al-0.097) 
BaC12 0.172 0.186 2.104 0.132 
KC1 0.205 0.176 1.197 0.137 
NaCl 0.135 0.161 0.706 0.126 
NaBr 0.103 0.139 0.402 0.113 
MgC12 0.005 0.103 0.155 0.089 
LIC1 -0.057 0.061 0.032 0.051 
SAPO-11 (Si/Al0.139) 
BaC12 0.182 0.203 2.074 0.144 
KC1 0.172 0.180 1.238 0.124 
NaCl 0.098 0.158 0.737 0.116 
NaBr 0.060 0.153 0.385 0.131 
MgC1 2 0.010 0.091 0.155 0.076 
LIC1 -0.052 0.073 0.029 0.065 
4.4 
Appendix D 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiumpropanesuiphonate in ZSM-5 and H-silicalite. 
Parameters are for the straight line equation: 
y - mx + C 
Solid Phase 	 Liquid Phase 
m C m C 
(gg-t)  
ZSM-5 (Si/Al= 30) 
BaC12 (aw=0.9019) +0.397 0.097 2.633 +0.009 
KC1 (a=0.8426) +0.227 0.080 1.687 -0.008 
NaC1 (aw0.7528) -0.015 0.075 0.981 +0.001 
NaBr (a0.5770) 0.074 0.063 0.106 +0.049 
MgC12 (aw=0.3300) -0.080 0.045 0.107 +0.020 
LIC1 (aw=0.1100) 0.045 +0.008 
ZSM-5 (Si/Al- 45) 
BaC12 -0.095 0.080 2.634 -0.027 
KC1 +0.027 0.081 1.677 +0.012 
NaCl -0.408 0.074 0.888 -0.008 
NaBr -OL -aL  0.118 +0.029 
MgC12 - 0.129 +0.013 
LIC1 -ft -aL  0.052 +0.010 
ZSM-5 (Si/Al- 60) 
BaC12 +0.204 0.056 2.671 -0.035 
KC1 -0.265 0.056 1.686 -0.033 
NaCl -0.333 0.053 0.856 -0.048 
NaBr -0.298 0.044 0.111 +0.022 
MgC1 2 -a -OL  0.119 +0.005 
LiC1 - 
-Ift  0.067 +0.005 
Results defined a curve, data for curve is given in 
Appendix E 
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Appendix D (continued) 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiumpropanesulphonate in ZSM-5 and H-silicalite. 
Parameters are for the straight line equation: 
y - mx + C 
Solid Phase 	 Liquid Phase 
m 	 c 	 m 	 c 
(gg -1.) (gg -1-) 
ZSM-5 (Si/Al- 90) 
BaC12 +0.489 0.051 2.587 -0.031 
KC1 0.000 0.049 1.671 -0.031 
NaCl -0.202 0.047 0.913 -0.016 
NaBr -0.284 0.040 0.114 +0.017 
MgC12 - - 0.110 +0.009 
LIC1 - 0.037 +0.010 
ZSM-5 (Si/Al-120) 
BaC12 +0.049 0.044 2.740 -0.039 
KC1 -0.053 0.038 1.682 -0.037 
NaCl -0.095 0.035 0.916 -0.023 
NaBr -0.100 .0.027 0.119 +0.012 
MgC12 -0.102 0.021 0.116 +0.004 
LiC1 . 	 -0.052 0.012 0.019 +0.005 
H-silicalite 
BaC12 -0.312 0.028 2.813 -0.041 
KC1 -0.385 0.026 1.652 -0.032 
NaCl -0.153 0.025 0.875 -0.020 
NaBr -0.134 0.021 0.115 +0.008 
NgC12 -0.129 0.015 0.116 +0.005 
LIC1 _b 0.011 0.067 +0.000 
Results defined a curve, data for curve is given in 
Appendix E 
ID Could not be determined 
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Appendix D (continued) 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiumbutanesuiphonate in ZSM-5 and H-silicalite. 
Parameters are for the straight line equation: 
y - mx + c 
Solid Phase 	 Liquid Phase 
m c m C 
(gg-t (gg - '.) 
ZSM-5 (Si/Al- 30) 
BaC12 (a0.9019) -0.189 0.096 2.155 -0.068 
KC1 (aw=0.8426) -0.121 0.085 1.042 -0.021 
NaCl (aw=0.7528) -0.117 0.078 0.129 +0.052 
NaBr (a=0.5770) -0.172 0.066 0.105 +0.036 
MgC12 (aw=0.3300) .0.093 0.044 0.096 +0.023 
LIC1 (aw=0.1100) 
ZSM-5 (Si/Al- 45) 
BaC12 +0.040 0.073 2.014 -0.082 
KC1 -0.128 0.071 1.055 -0.041 
NaCl - - 0.119 +0.037 
NaBr - - 0.125 +0.022 
MgC1 2 - - 0.105 +0.014 
LIC1 - - 0.041 +0.008 
ZSM-5 (Si/Al- 60) 
BaC12 -0.393 0.059 2.083 -0.092 
KC1 -0.269 0.054 1.078 -0.061 
NaCl -0.226 0.050 0.108 +0.020 
NaBr -eL -eL  0.112 +0.010 
MgC12 - -eL  0.084 +0.005 
LiC1 -OL -eL  0.062 -0.003 
Results defined a curve, data for curve is given in 
Appendix E 
I* Could not be determined 
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Appendix D (continued) 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiumbutanesuiphonate in ZSM-5 and H-silicalite. 
Parameters are for the straight line equation: 
y - nix + C 
Solid Phase 	 Liquid Phase 
m C m C 
(gg_t) (gg3-) 
ZSM-5 	(Si/Al- 90) 
BaC12 -0.231 0.050 2.188 -0.095 
KC1 -0.184 0.045 1.066 -0.055 
NaCl -0.091 0.041 0.124 +0.017 
NaBr -aL -OL  0.141 +0.005 
MgC12 -aL -aL  0.146 -0.004 
LiC1 - -ft  0.046 +0.001 
ZSM-5 (Si/Al-120 
BaC12 -0.230 0.043 2.174 -0.094 
KC1 -0.003 0.032 1.059 -0.052 
NaCl -0.097 0.033 0.104 +0.017 
NaBr -0.092 0.027 0.102 +0.010 
MgC12 -CL -OL  0.093 +0.007 
LIC1 -eL -IM  0.026 . +0.006 
H-si 1 ical ite 
BaC12 -0.192 0.027 2.146 -0.079 
KC1 -0.272 0.026 1.096 -0.046 
NaCl -0.109 0.024 0.137 +0.006 
NaBr -0.092 0.021 0.142 +0.001 
MgC12 -0.077 0.016 0.142 +0.001 
LiC1 0.012 
- 
Results defined a curve, data for curve is given in 
Appendix E 
b Could not be determined 
EM 
Appendix D (continued) 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiumpentanesuiphonate in ZSM-5 and H-silicalite. 
Parameters are for the straight line equation: 
y - mx + C 
Solid Phase 	 Liquid Phase 
M 	 C 	 m 	 C 
(gg-2.) (gg-1) 
Z8M-5 (Si.'.- 30) 
C 1 2 (aw=0.9019) -0.151 0.103 1.201 -0.043 
KC1 (aw=0.8426) -0.135 0.092 0.143 +0.066 
NaCl (aw=0.7528) -0.188 0.083 0.089 +0.057 
NaBr (aw=0.5770) -0.216 0.072 0.113 +0.036 
MgC1 2 (aw=0.3300) 0.109 +0.022 
LIC1 (aw=0.1100) - 0.021 +0.020 
ZSM-5 (Si/Al- 45) 
BaC12 - 	 1.197 +0.006 
KC1 - 	 -aL 	 0.130 +0.026 
NaC1 - 	 -aL 	 0.116 +0.021 
NaBr - 	 - 	 0.121 +0.009 
MgC1 2 - 	 - 	 0.112 +0.001 
LiC1 - 	 0.049 +0.000 
ZSM-5 (Si/Al- 60) 
BaC12 -0.238 	0.056 1.218 -0.091 
- 	 -eL  0.115 +0.020 
NaCl - 	 -OL  0.112 +0.017 
NaBr - 	 -aL  0.097 +0.013 
MgC12 ' - 	 -43,  0.101 +0.002 
LiC1 - 	 -OL  0.058 -0.003 
Results defined a curve, data for curve is given in 
Appendix E 
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Appendix D (continued) 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiumpentanesuiphonate in ZSM-5 and H-silicalite. 
Parameters are for the straight line equation: 
y - mx + C 
Solid Phase 	 Liquid Phase 
m 	 c 	 m 	C 
(gg- t) 	 (gg -3.) 
ZSM-5 (Si/Al- 90) 
Bad2 1.223 -0.001 
KC1 -CL 	
I 	
-CL 	 0.120 +0.020 
NaC1 -OL 	 -eL 	 0.104 +0.020 
NaBr -CL 	 -aL 	 0.115 +0.012 
MgCl 2 aL - 	 - 	 0.111 +0.007 
LiC1 -OL 	 - 	 0.058 +0.007 
ZSM-5 (Si/Al-120 
BaC12 -0.095 0.047 1.193 -0.123 
KC1 -0.074 0.040 0.290 -0.027 
NaCl -0.123 0.041 0.303 -0.035 
NaBr -0.063 0.027 0.108 -0.004 
MgC12 -0.054 0.020 0.099 -0.008 
LIC1 -aL -aL  0.038 +0.001 
H-silicalite 
BaC12 -0.448 0.029 1.197 +0.001 
KC1 -0.471 0.026 0.127 +0.002 
NaCl -0.380 0.023 0.104 +0.003 
NaBr -0.386 0.020 0.111 -0.002 
MgClz 0.216 0.014 0.104 -0.003 
LiC1 -0.155 0.013 0.038 -0.002 




Equations for the solid phase lines on the isopiestic 
plots. These values are for the cases when the data could 
not be represented by a linear relationship. The equations 
for the best-fit lines when a linear relationship was 
found are listed in Appendix D. 
Si/Al Saturated Salt 10000b 
Ratio solution (gg 1 ) (gg) 	(gg 1 ) 2 
Sod iunipropanesu 1 phonate 
30 LiC1 (aw0.1100) 0.032 +0.007 38.1 
45 NaBr (a=0.5770) 0.067 +0.035 12.1 
45 MgC12 (aw0.3300) 0.051 +0.018 14.1 
45 LIC1 (awO.11OO) 0.032 +0.009 11.1 
60 MgCl2 (aw0.3300) 0.031 +0.007 16.7 
60 L1C1 (aw0.1100) 0.019 +0.003 9.5 
90 MgCla (aw0.3300) 0.031 +0.008 11.8 
90 LIC1 (aw O.11OO) 0.022 +0.011 2.4 
Sod lumbutanesu 1 phonate 
30 LiC1 (aw=O.11OO) 0.033 +0.010 120.2 
45 NaCl (aw0.7.528) 0.075 +0.046 9.9 
45 NaBr (atq=0.5770) 0.070 +0.033 11.1 
45 MgCla (aw0.3300) 0.045 +0.019 12.1 
45 LIC1 (aw=0.1100) 0.044 +0.007 14.5 
60 NaBr (aw 0.5770) 0.042 -0.005 60.1 
60 MgC12 (a=0.3300) 0.030 +0.002 24.8 
60 LiC1 (a0.1100) 0.021 -0.004 12.9 
90 NaBr (dw=0.5770) 0.040 +0.017 7.3 
90 MgC12 (aw=0.3300) 0.029 +0.011 6.1 
90 LiC1 (aw0.1100) 0.020 -0.024 12.1 
120 MgC12 (a0.3300) 0.030 +0.013 3.9 
120 L1C1 (aw O.11OO) 0.021 +0.005 4.8 
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Appendix E (continued) 
Equations for the solid phase lines on the isopiestic 
plots. These values are for the cases when the data could 
not be represented by a linear relationship. The equations 
for the best-fit lines when a linear relationship was 
found are listed in Appendix D. 
Si/Al Saturated Salt Y YtNP 10000b 
Ratio solution (gg-') (gg) (gg 1 ) 2 
Sodiumpentansuiphonate 
30 MgC12 (a0.3300) 0.057 +0.026 26.0 
30 LIC1 (aw0.1100) 0.041 -0.032 231.6 
45 BaCla (a=0.9019) 0.080 +0.044 8.7 
45 KC1 (a=0.8426) 0.072 +0.033 18.3 
45 NaC1 (aw0.7528) 0.067 +0.017 33.7 
- 45 NaBr (aw=0.5770) 0.059 +0.023 6.3 
45 MgC12 (aw0.3300) 0.037 +0.016 5.1 
45 LIC1 (aw0.1100) 0.018 -0.003 22.0 
60 KC1 (a=0.8426) 0..054 +0.007 49.6 
60 NaCl (aw=0.7528) 0.051 +0.009 36.3 
60 NaBr (aw0.5770) 0.041 +0.012 17.9 
60 MgC12 (aw0.3300) 0.030 +0.009 12.5 
60 LiCl (awO.11OO) 0.017 -0.001 14.5 
90 BaC12 (aw0.9019) 0.048 +0.029 7.3 
90 KC1 (aw0.8426) 0.046 +0.029 5.2 
90 NaC1 (aw0.7528) 0.045 +0.028 4.4 
90 NaBr (aw0.5770) 0.037 +0.025 3.0 
90 MgCl2 (aw0.3300) 0.029 +0.020 2.1 
90 LIC1 (aw0.1100) 0.023 +0.013 13.0 
120 LiC1 (a=O.11OO) 0.012 +0.007 3.8 
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Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiurnpropanesulphonate (NaS3) in silicalite. 
Parameters are for the straight line equation: 
y - Inx+c 
Solid Phase 	 Liquid Phase 
m 	c 	 m 	C 
(gg-1 ) 	 ( gg -.2.) 
Na-silicalite 
BaC12 (a=0.9019) -0.01 0.021 2.655 -0.032 
KC1 (a=0.8426) -0.01 0.018 1.600 -0.025 
NaCl (aw=0.7528) -0.03 0.018 0.911 -0.015 
NaBr (aw=0.5770) -0.02 0.017 0.124 +0.011 
MgC1 2 (aw0.3300) -0.01 0.014 0.116 +0.008 
LiCl (a=O.11OO) -0.02 0.013 0.055 +0.009 
K-si licalite 
BaClz 0.00 0.025 2.686 -0.039 
KC1 -0.03 0.021 1.619 -0.030 
NaCl -0.01 0.019 0.914 -0.016 
NaBr -0.01 0.019 0.120 +0.013 
MgCl 2 -0.02 0.016 0.126 +0.009 
LIC1 -0.01 0.015 0.066. +0.011 
Cs-silicalite 
BaC12 +0.03 0.026 2.762 -0.051 
KC1 -0.02 0.025 1.639 -0.034 
NaCl -0.01 0.022 0.929 -0.017 
NaBr -0.02 0.019 0.120 +0.013 
MgC12 -0.01 0.019 0.101 +0.013 
LiC1 -0.01 0.019 0.075 +0.015 
Ba-eU ical ite 
Bad2 +0.08 0.037 2.697 -0.052 
KC1 +0.02 0.033 1.643 -0.035 
NaCl +0.02 0.031 0.927 -0.012 
NaBr -0.01 0.028 0.122 +0.021 
MgC1 2 -0.02 0.023 0.120 +0.015 
LiC1 -0.03 0.023 0.054 +0.018 
H-silicalite values are given in Appendix D 
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Appendix F 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiumbutanesuiphonate (NaS4) in silicalite. 
Parameters are for the straight line equation: 
y - mx + c 
Solid Phase 	 Liquid Phase 
m 	C 	 m 	C 
(gg-2- ) 	 ( gg -1 ) 
Na-si 1 ical ite 
BaC12 (aw0.9019) -0.07 0.021 2.240 -0.053 
KC1 (aw=0.8426) -0.03 0.018 1.230 -0.034 
NaCl (aw=0.7528) -0.04 0.018 0.230 +0.004 
NaBr (a=0.5770) -0.05 0.017 0.130 +0.007 
MgC12 (aw 0.3300) -0.16 0.014 0.108 +0.006 
LIC1 (a0.1100) -0.03 0.013 0.039 +0.009 
K-sil ical ite 
BaC12 -0.06 0.025 2.201 -0.052 
KC1 -0.09 0.021 1.190 -0.034 
NaCl -0.08 0.020 0.201 +0.006 
NaBr -0.06 0.019 0.145 +0.007 
MgC12 -0.01 0.016 0.112 +0.008 
LiC1 -0.01 0.015 0.039 +0.012 
Cs-si 1 ical ite 
BaC12 -0.06 0.026 2.170 -0.062 
KC1 -0.05 0.025 1.160 -0.034 
NaCl -0.05 0.023 0.231 +0.007 
NaBr -0.04 0.019 0.119 +0.009 
MgCla - -0.04 0.019 0.112 +0.009 
LIC1 	 I..J -0.05 0.020 0.037 +0.014 
Ba-silicalite 
BaC12 -0.04 0.037 2.167 -0.062 
KC1 -0.02 0.033 1.151 -0.029 
NaCl -0.03 0.032 0.153 +0.021 
NaBr -0.03 0.028 0.114 +0.018 
MgC12 -0.03 0.023 0.111 +0.013 
L1C1 -0.04 0.023 0.038 +0.018 
H-silicalite values are given in Appendix D 
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Appendix F 
Equations for the solid and liquid phase lines determined 
from the isopiestic results for the imbibition of 
sodiurnpentanesulphonate (NaS5) in silicalite. 
Parameters are for the straight line equation: 
y - nix + c 
Solid Phase 	 Liquid Phase 
M c m c 
(gg-') (gg -3•) 
Na-si 1 icalite 
BaC12 (aw0.9019) -0.24 0.021 1.198 -0.033 
KC1 (a=0.8426) -0.17 0.018 0.127 +0.005 
NaCl (a0.7528) -0.18 0.018 0.109 +0.002 
NaBr (aw0.5770) -0.15 0.016 0.113 0.000 
MgC12 (aw=0.3300) -0.12 0.013 0.102 -0.001 
LIC1 (aw O.11OO) -0.13 0.013 0.042 +0.002 
K-si 1 icalite 
BaC1 2 -0.23 0.025 1.203 -0.030 
KC1 -0.15 0.020 0.121 +0.007 
NaCl -0.13 0.020 0.113 +0.007 
NaBr -0.16 0.019 0.106 +0.003 
MgC12 -0.12 0.016 0.108 +0.002 
LiCl -0.11 0.015 0.037 +0.006 
Cs-si 1 icalite 
BaC1 2 -0.19 0.027 1.198 -0.034 
KC1 -0.19 0.024 0.132 +0.007 
NaCl -0.18 0.021 0.106 +0.005 
NaBr -0.13 0.018 0.106 +0.003 
MgClz 0.15 0.018 0.101 +0.002 
LiC1 -0.19 0.019 0.048 +0.003 
Ba-silicalite 
BaC12 -0.10 0.037 1.192 -0.025 
KC1 -0.02 0.034 0.120 +0.026 
NaCl -0.04 0.032 0.100 +0.024 
NaBr -0.04 0.028 0.108 +0.019 
MgC12 -0.04 0.023 0.112 +0.013 
LiC1 -0.09 0.020 0.043 +0.012 
H-silicalite values are given in Appendix D 
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